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Al eukaryotes possess MAPK pathways which alow cels to respond to diverse 
environmental stimuli, including stress, mitogenic, and developmental cues. Deviation from strict 
MAPK signaling regulation has been associated with the development of many human diseases, 
including cancer and neurodegenerative diseases. To beter understand how cels utilize these 
pathways to make decisions on their fate, researchers often gain valuable insight from studying 
related pathways in simpler eukaryotic models, such as yeast, due to their genomes being smaler, 
beter defined, and easier to perturb. In this dissertation, we employ new tools to study MAPK 
signaling dynamics and chemotropic regulation during the pheromone response in 
Saccharomyces cerevisiae. In the first aim, we examine the role of membrane binding by the 
MAPK scaffold protein, Ste5, in mediating the chemotropic behavior of cels exposed to 
gradients of pheromone. Our findings indicate that modulation of scaffold binding to the 
membrane does not alter directional sensing, but rather sets a chemotropic sensitivity range by 
modulating the dose response of downstream pathway activity. In the second aim, we explore 
how the spatial and temporal paterns of Fus3/Kss1 activity contribute to developmental 
outcomes in cels, including the decision to bud, mate, and undergo polarized morphogenesis in 
the presence of pheromone. We first apply the Erk Kinase Activity Reporter (EKAR) to 
specificaly report Fus3 and Kss1 activity in live yeast cels. Using this reporter, we are able to 
elucidate important features of MAPK activity dynamics and cel-to-cel variability. Specificaly, 
we find activity kinetics to exhibit strong cel-cycle dependence and that intracelular activity 
gradients develop over time as projections grow. In the third aim, we systematicaly examine 
mating at the genome-level with the goal of identifying new or previously unidentified mediators 
of chemotropism in yeast. First, we devised and executed an imaging-based genome-wide screen 
of mating efficiency and identified groups of mutants exhibiting mating defects. We then 
explored the nature of the defect in two groups of protein trafficking mutants: the ESCRT 
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proteins and a membrane-localized component of the exocyst complex, Sec3. Our results indicate 
previously unidentified roles for these proteins in supporting optimal mating pathway activation 
and chemotropic behavior. 
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Signaling through the mating MAPK pathway 
Pheromone-induced signaling activities 
A fundamental characteristic of living cels is the ability to sense and respond 
appropriately to changes in their environment. To mount these specific responses, cels often 
enlist the help of kinase cascades consisting of the mitogen-activated protein kinases (MAPK) 
module. Depending on the external signal present, the temporal and spatial properties of MAPK 
regulation may prompt cels to proliferate, differentiate, or adapt to different stresses. Al 
eukaryotes contain MAPK signaling networks, and many of the signaling components found in 
mammalian systems have similar counterparts in the budding yeast, Saccharomyces cerevisiae 
(Figure 1.1). As a unicelular model, the mating response in yeast is a slow and carefuly 
orchestrated cel-state transition that requires diverse processes to be regulated by the mating 
MAPK, Fus3. To prepare for fusion with a mating partner, yeast cels must arest their cel-cycles 
in G1 phase, polarize their cel growth, re-organize their membranes, and upregulate many genes 
that are important for maintaining these processes1–3 (Figure 1.2). 
Haploid yeast cels exist as two mating types, MATa cels and MATα cels, which difer 
in the type of pheromone peptide they secrete and pheromone receptor they express. The mating 
response is initiated in haploid yeast cels when G protein-coupled receptors bind to pheromones 
that the opposite mating partner secretes. Ligand-bound Ste2 receptor (for MATa cels) activates 
a heterotrimeric G protein, causing GTP-to-GDP exchange on the Gα subunit (Gpa1) and 
subsequent conformational changes that unmask the Gβγ (Ste4-Ste18) heterodimer4. Once free, 
Gβγ establishes multiple key binding interactions that are required for proper signal transmission. 
It recruits the Far1-Cdc24 complex, thereby activating Cdc425. It also recruits Ste20, which in 
turn is activated by Cdc426–8. The third major effector recruited by Gβγ is Ste59,10, a scaffold 
protein for the three MAPK subunits: Ste11, Ste7, and Fus311–13. By virtue of being tethered to 
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Ste5 at the plasma membrane, Ste11 is activated by Ste2014, thus triggering the MAPK cascade. 
Serving an integral role for early and long-term pathway modulation15–18, Ste5’s membrane 
recruitment is also a target of inhibition by G1 cyclins, alowing cels that have surpassed the 
Start checkpoint in G1 to complete their mitotic cycle before mating19. The primary goal of 
activating the MAPK cascade is to generate dualy phosphorylated Fus3, which plays many roles 
in downstream mating processes. Kss1, the MAPK responsible for invasive growth and a 
homologue of Fus3, is also phosphorylated upon pheromone stimulation, but this activation is 
more transient20 and mating functions largely overlap with Fus321–24. Phosphorylation of Dig1, 
Dig2, and Ste12 to induce transcription of mating genes is required for mating and a central role 
of MAPK function25–28. However, for mating to be optimal, additional targets are activated to 
drive processes as diverse as cel-cycle arest and morphogenesis. Known Fus3 substrates include 
the cel-cycle-arrest and polarized-growth mediator, Far1, and many proteins important for 
signaling through the MAPK pathway, including, Ste5, Ste11, Ste7, Sst2, and Msg5, among 
others22,24,29,30. While many of these substrates have been established, there are likely many more 
that have yet to come to light, as phosphoproteomics data would indicate31,32. 
The localization of Fus3 also appears to be important for the mating response. In 
vegetatively growing cels, Fus3 is found in both the cytoplasm and nucleus, but is enriched in the 
nucleus upon pheromone exposure33–35. Kss1 is predominantly in the nucleus and its localization 
does not change after pheromone exposure23. Interestingly, while both MAPKs are enriched in the 
nucleus and perform their most important functions there, levels of phosphorylated Fus3 appear 
strikingly low compared to regions outside the nucleus, although the dynamics of this localization 
have not been established36,37. This would be consistent with Fus3’s rapid exchange at both the 
shmoo-tip and nucleus during pheromone stimulation34, and a potentialy diferent susceptibility 
to phosphatases in these regions35–37. Dynamic paterns of Fus3 phosphorylation may also be 
important in the development of projection formation when cels are exposed to high doses of 
pheromone38. These combined observations support the notion that phosphorylated Fus3 needs to 
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be highly mobile, so that when substrates become present, Fus3 wil be able to activate them 
wherever they are located. 
 
Ste5 scafold protein dynamics 
  Ste5 is a key regulatory component in the pheromone response, playing roles to both 
localize and activate the mating specific MAPK, Fus3. Similar to Fus3, Ste5 is localized in both 
the cytoplasm and nucleus of vegetatively growing cels. Upon pheromone exposure and 
subsequent dissocation of Gβ, Ste5 is rapidly recruited to the plasma membrane (PM) and is 
observed to be uniformly distributed around the perimeter of the cel. After a period of several 
minutes, localization of the scafold at the membrane is gradualy lost, but then begins to re-
appear again as projection formation ensues. In addition to binding Gβ through its RING-H2 
domain10,39, stable tethering to the PM is also mediated by binding to membrane phospholipids 
and phosphoinositides through an N-terminal amphipathic helix (PM motif) and an internal 
pleckstrin-homology (PH) domain, respectively15,16. Al three of these interaction motifs are 
distinct and required for ful retention of membrane binding and activation of pheromone 
signaling16. Long-term and stable localization of Ste5 at the PM also depends on its movement 
along actin cables assembled by Cdc42 and the formin Bni1 working at the projection growth 
site. Oligomerization of Ste5 proteins may also be important for its localization and activity at the 
PM11,39, but the arangement and functional purpose of these self-associated states are not clear. 
Interactions with additional proteins at the PM, such as the scaffold protein Bem1 (which binds 
the Cdc42 GEF – Cdc24), may also influence Ste5’s membrane localization. 
  Another important property of Ste5, is its ability to exclusively bind and activate Fus3, 
and not Kss140,41. Activation of Fus3 ensures phosphorylation of substrates that are involved in 
mating cel diferentiation and not filamentous growth. Ste5 has also been shown to be important 
in both signal amplification and atenuation mechanisms. Interestingly, it has been reported that 
competition of Ste5 phosphorylation by Fus3 and dephosphorylation by Ptc1 contributes to a 
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switch-like morphological response42, whereas membrane localization of Ste5 promotes a graded 
transcriptional response of mating genes43. Early in the response, Ste5’s recruitment to the PM 
seems to be negatively regulated by Fus3 activity leading to its slow disappearance from the 
membrane18,44. Later in the response, Ste5’s localization to the membrane appears more stable 
than Fus3, as indicated by FRAP studies34. Cortical abundance of Ste5 at the PM was also shown 
to be dependent on MAPK cascade activity45. These results support a potential role for Ste5 to 
downregulate the pheromone signal early in the response, but to sustain the pheromone signal 

























Figure 1.1. Comparison of MAPK pathways in mammalian and yeast cels. Input signals and output 



















































































Figure 1.2. Schematic diagram of the mating MAPK pathway in yeast. Phosphorylated Fus3 is 






























Mechanisms of pheromone gradient sensing 
In order to atain diploid cel status, haploid yeast cels have an innate ability to seek out 
and fuse with mating partner cels, even when they are not immediately adjacent to each other. To 
reach the cel fusion stage with a mating partner, yeast cels are able to polarize their cel growth 
in the direction of the ambient pheromone gradient source. This process is refered to as 
chemotropism, or growth in the direction of a chemical gradient. Remarkably, yeast cels are able 
to distinguish pheromone gradients as shalow as 1% across their cel width and can polarize their 
cel growth to reach lengths several times longer than their original size. Chemotropism in 
response to pheromone is a dynamic process and can be characterized by two important 
subprocesses: establishment of the growth site and maintenance of polarized growth (Figure 1.3). 
Understanding how the actin cytoskeleton and polarity machinery become positioned at the 
projection growth site has been the topic of many studies over the past couple of decades. Several 
important signaling components and interactions have been identified and wil be summarized 
below. Recently, mechanisms for re-orientation, or gradient tracking in shalow gradients, have 















Role of the Ste2 receptor 
The alpha-factor receptor Ste2 is a G-protein-coupled receptor that is often studied as a 
model GPCR in eukaryotic systems. The receptor spans the plasma membrane seven times, 
contains an extracelular N-terminus, and a large 134 amino acid intracelular C-terminus that 
facilitates many of the interactions important for signaling. In vegetative cels, the alpha-factor 
receptor Ste2 is found localized uniformly around the plasma membrane, in smal punctate 
vesicles within the cytoplasm, and in the vacuole. In response to alpha-factor, the receptor Ste2 is 
rapidly internalized, visibly disappearing from the plasma membrane for approximately 30 
minutes after stimulation46–49. The rate of internalization is increased 5 to 10-fold above the basal 
internalization rate50. Rather than being recycled back to the membrane from early endosomes (as 
appears is the case for Ste3 in MATalpha cels), Ste2 is transported through the endocytic 
pathway to the vacuole where it is degraded51. After the initial loss of receptor sites at the 
membrane, receptors begin to re-accumulate at the membrane approximately 60 minutes after 
stimulation, which is largely due to an increased synthesis rate during pheromone treatment47,50. 
On a molecular level, the internalization of Ste2 upon pheromone treatment requires the 
hyperphosphorylation of its C-terminal tail52,53 and subsequent ubiquitination of the lysine residue 
found in the SINNDAKSS sequence within this tail region54. The casein kinases Yck1 and Yck2 
are required to phosphorylate the serine residues on this sequence and are required for Ste2 
ubiquitination and internalization, both in basal and pheromone-induced cels55. Additionaly, 
monoubiquitination, rather than polyubiquitination, seems to be particularly important as a signal 
for internalization and protection against proteasomal degradation56. In this manner, cytoplasmic, 
or ‘signaling’, portions of the receptor remain in-tact at both the plasma membrane and as the 
receptors become internalized on vesicles. 
Interestingly, removal of residues at the C-terminus of Ste2 results in an increase in the 
number of receptors at the plasma membrane, an increased sensitivity to pheromone, and a defect 
in the recovery of cel division after pheromone treatment51,57,58. While a truncated ste2-T326 
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mutant is apparently defective in endocytosis, it may not be the endocytic defect, per say, that 
causes the increased sensitivity to pheromone. Specificaly, another internalization-defective 
receptor mutant, ste2-K337R, was found to exhibit similar signaling sensitivity as an 
internalization-competent receptor, while only causing a defect in pheromone adaptation58. 
Removal of additional residues at the C-terminus may act to relieve repression of G protein 
signaling, which could be the reason for the increased pheromone sensitivity. Moreover, the ste2-
T326 mutant showed a defect in mating partner selection, via the partner discrimination assay, 
which was suggested to be the result of the increased sensitivity to pheromone59. It was later 
determined that this receptor mutant initialy orients growth in a pheromone gradient, but is not 
able to increase its orientation over time as is observed in wild-type cels. It was also shown that 
the ste2-T326 mutant and sst2Δ mutants, which are both supersensitive to pheromone, are 
particularly defective in orientation at higher concentrations of pheromone, indicating that proper 
signaling amplification and desensitization may be important for maintaining oriented growth60–
62. In addition to the preservation of early response signaling in the endocytosis-defective 
receptor, overexpression of the receptor also does not appear to significantly affect signaling 
output of the pathway57. 
As an integral membrane protein, Ste2 is delivered to the plasma membrane through 
actin-dependent vesicle secretion. As the first signaling component in the mating pathway, it is 
reasonable to suspect that the activation and localization of Ste2 is would be important 
determinants in the chemotropic behavior of cels exposed to pheromone. Recently, 
internalization of the receptor has been found to be important for both directional sensing and 
shaping the polarized localization of the G-protein subunits, Gα and Gβγ49. Interestingly, while 
actin is required for the initial endocytosis of Ste2, the establishment of polarized Ste2 crescents 
at the plasma membrane does not require actin filaments or vesicle-mediated secretion. While the 
mechanism of this initial polarization is not clear, the fact that receptor polarization precedes 
actin-dependent cel polarization implies that early receptor polarization helps to establish the 
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projection growth site. It possible that the initial actin-independent polarization phase may rely on 
biased fusion of Ste2-containing vesicles at sites where polarity cues, such as Cdc42, are 
located49. In support of this notion, there appears to be an inherent ability of secretory vesicles to 
deliver proteins to the membrane in cels lacking actin cables and patches63. Actin-dependent 
recycling of endocytosed vesicles could also be a potential mechanism of membrane delivery in 
the absence of actin cables64. It has also been hypothesized that activated receptors may be 
protected from phosphorylation by Yck1 and Yck2. Rather than being endocytosed, this 
hypothesis suggests that unphosphorylated receptors and associated G proteins would accumulate 
on the plasma membrane over time and eventualy establish the axis of polarity49. 
 
Role of Fus3 and G proteins 
One of the important consequences of Ste2 activation is the ultimate relocalization and 
activation of the Rho-family GTPase Cdc42, which orients actin cables and vesicle delivery to the 
polarization site65. Cdc42 has been shown to have many direct regulators, both GEFs and GAPs, 
and dozens of effectors which coordinate different aspects of polarized growth. These effectors 
which either become activated or tethered by Cdc42 include actin, formins, PAKs, myosins, 
exocyst components, polarisome components, septins, vesicle targeting proteins, and other G 
proteins65. In the presence of pheromone, activation and enrichment of Cdc42 at sites of ligand-
bound receptors is believed to be mediated by recruitment of the Far1-Cdc24 complex to pools of 
unbound Gβγ at the plasma membrane. At high concentrations of pheromone, which saturate the 
receptor, activation and enrichment of Cdc42 appears to occur at ‘default sites’ specified by the 
bud-site-selection protein Rsr1. This is where Cdc42 is normaly activated during the cel-cycle in 
order to promote actin-dependent activities at sites of bud emergence. In gradients of pheromone, 
which do not saturate the receptor, formation of the Gβγ –Far1-Cdc24-Cdc42 chemotropic 
complex appears to overide formation of the Bud1-Cdc24-Cdc42 budding complex, thus 
alowing Cdc42 to polarize toward the source of the pheromone gradient. In other words, ligand-
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bound receptors can spatialy bias where Cdc42 becomes activated. Highlighting the importance 
of the chemotropic complex, specific mutants of Far1 and Cdc24 which abrogate their interaction 
with each other or Gβγ, have shown to be defective in directional sensing of pheromone gradients 
and instead, orient their growth toward the default bud site66,67. 
In between receptor activation and the localized activation of Cdc42 at ligand-bound 
receptor sites, there are a number of important signaling events that both support and work in 
paralel with Cdc42 in mediating chemotropic growth. Dissociation of the Gα and Gβγ subunits is 
a primary step in polarity factor recruitment. Far1 and Cdc24, which are normaly localized to the 
nucleus in G1 phase cels, are recruited to Gβγ by a binding interaction with Far1, thus bringing 
the Cdc42 GEF into close proximity with its substrate G protein at the membrane. There is 
additional evidence that Fus3 may either directly or indirectly support this process. Recruitment 
of Ste5 to Gβγ and the subsequent activation of Fus3 are critical for initiating al of the 
physiological mating responses, including the development of polarized growth. It has been 
shown that disrupting the Fus3 docking domain on Ste5 results in a defect in gradient sensing, 
indicating that the signaling effects and/or localization of Fus3 at the plasma membrane may be 
important for chemotropism68. Interestingly, it was also recently shown that cortical localization 
of Cdc24 depends on Fus3, and specificaly the ability of Fus3 to down-regulate Ste5 recruitment 
and inhibit the Cln/Cdc28 kinase69. One important interaction of Fus3 is with freed Gα at the 
plasma membrane. Abrogating the Fus3-Gα interaction (via gpa1K21E R22E alele) diminishes 
the ability of cels to down-regulate cel-cycle arrest signaling and also causes a defect in 
chemotropism (via the partner discrimination assay)70. Thus localizing Fus3 to the membrane at 
the projection site may be important for activating proteins important for polarized cel growth 
and consequently, may also lead to reduced activity in the nuclear compartment where Fus3 
phosphorylates Far1 and regulates gene expression to promote cel-cycle arest. There are likely 
many substrates in the cytoplasm and at the plasma membrane that Fus3 may phosphorylate to 
support polarized cel growth. Interestingly, a nonphosphorylatable mutant of Gβ (Ste4T320A 
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S335A) conferred a chemotropic defect that was similar in magnitude to the defect caused by 
disrupting the Fus3-Gα interaction70,71. It was also found that phosphorylation of Gβ leads to a 
reduced affinity for Far1 and a concomitantly weaker interaction of the polarisome at the shmoo 
tip. These results imply that phosphorylation of Gβ by Fus3 destabilizes the interaction between 
the Gβγ dimer and Far1 enough to cause the link between activated receptors and polarity factors 
to be continualy renewed over time. In this manner, the status of receptor activation would be 
continualy reported to the polarity machinery71. In any event, it appears that Fus3’s interaction 
with Gα and phosphorylation of Gβ are important for cels to accurately orient their growth in 
pheromone gradients. 
In addition to G-protein regulation, Fus3 is also believed to phosphorylate and activate 
many other substrates that are important for polarized growth orientation and maintenance. Many 
of these substrates could also be effectors of Cdc42, which may possibly require both 
phosphorylation by Fus3 and further activation or tethering by Cdc42 to be fuly functional 
during the pheromone response. Bni1, a formin protein, is one known substrate of Fus3 and is 
important for facilitating cortical actin cable assembly. Phosphoproteomics studies have also 
revealed a pheromone-induced increase in phosphorylation of dozens of other proteins involved 
in cel polarization processes, including cytoskeleton organization, vesicle transport, and cel 
membrane structure31,32. It wil be interesting to see how phosphorylation state regulates their 
function, whether it’s a means for activation, deactivation, or degradation. 
 
Role of vesicle traficking 
In addition to the precise biochemical interactions that have been found to be important 
for chemotropism, it is also likely that endocytosis and exocytosis play important roles in both 
establishing the growth site and perpetuating the growth process. While vesicle trafficking has 
been rigorously studied in the context of the budding process, it is not yet clear how the delivery 
and internalization of vesicles contributes to signaling and polarized growth development during 
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the pheromone response. As discussed in the prior section, the early polarization of the receptor 
relies on its internalization ability49. It has also been proposed that diferential internalization of 
the heterotrimeric G proteins may also be important for establishing the initial polar cap that leads 
to the recruitment of critical polarity factors71. Interestingly, the receptor and heterotrimeric G 
proteins tend to localize more broadly around the perimeter of the mating projection, whereas 
most of their downstream signaling efectors appear to be more tightly localized at the tip of the 
mating projection. It is not known however if the activated, or signaling-competent, forms of the 
receptor (phosphorylated) or heterotrimeric G proteins (dissociated or phosphorylated) have 
diferent spatial polarizations than their inactive forms. There are likely a range of spatial 
amplification mechanisms that operate at different phases of projection growth. The initial 
establishment of the growth site appears to be largely independent of actin and vesicle secretion. 
While the initial internalization of the receptor requires actin, polarization of both the receptor 
and Cdc42 have been separately shown to not require actin, as assessed from LatA treated 
cels49,72. Cdc42/Bem1 polarization even occurs in cdc24-m1 cels, where the polarity regulators 
are uncoupled from the receptor. The development of a “polarity patch” consisting of Cdc42 
appears to require a positive feedback loop that involves Cdc42’s activator, Cdc24, being in a 
complex with one of Cdc42’s effectors, Bem1, at the plasma membrane. Thus, by activating 
Cdc42, more Bem1 gets recruited, which recruits more Cdc24 and ultimately activating more 
Cdc42 to complete the loop73. 
In addition to the actin-independent mechanisms of projection growth site establishment, 
spatial amplification of polarity factors may increase over time as projections grow, and this 
amplification may also depend on the dose of pheromone, or the local levels of activated 
receptors at the membrane. For example, as Cdc42 begins to direct actin cable formation, cable-
dependent vesicle transport may deliver more Cdc42 and other polarity factors to the growth site 
to enforce the growth trajectory for that particular projection. This has particularly been shown to 
be the case for polarity amplification during the budding process74,75. On the other hand, polarity 
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generation appears appears to be quite diferent at low doses of pheromone, compared to high 
doses. At low doses of pheromone, where receptors are not saturated with ligand, the growth site 
(or the polarity patch, as marked by a Bem1-GFP reporter) wanders around the periphery of the 
cel. Interestingly, this wandering appears to be caused by vesicle-mediated traficking to the 
growth site, since it depended on both F-actin and Myo2. FRAP studies nonetheless showed that 
Cdc42 polarization was dynamicaly maintained in an actin-independent manner (again using 
LatA treatment). The mobility of the polarity patch is more constrained at higher pheromone 
doses, indicating that wandering requires sub-saturation and presumably a lower level of 
activated receptors at the membrane. It was further shown that polarity patch wandering supports 
the ability of a cel to reorient its mating projection and track shalow gradients of pheromone. 
Because secretory vesicles are not predicted to contain most polarity regulators (including Bem1, 
Cdc24, and other Cdc42 effectors that are not integral membrane proteins), it has been proposed 
that vesicle fusion perturbs the polarity patch by diluting away local polarity regulators at the 
plasma membrane72. This would alow the polarity patch to continualy explore the membrane for 
activated receptor sites and, thus provide a mechanism for mating projections, which are initialy 
misaligned, to improve their growth alignment over time in a pheromone gradient. 
 
Tools for measuring chemotropic behavior 
In order to assess the directional sensing, or orientation ability, of cels exposed to 
pheromone gradients, a variety of genetic and single-cel assays have been devised by 
researchers. Indirect assays, including the competition assay, the partner discrimination assay, 
and the confusion assay, utilize traditional genetic methods and are more amenable to higher-
throughput analysis and screening. Direct assays, including zygote formation, micro-pipeting and 
microfluidics-based approaches, evaluate orientation ability at a single-cel level and are currently 





Indirect chemotropism assays 
In both the competition and partner discrimination assays, a responder cel type is mated 
in the presence of two mating partner cel types, which are both in greater abundance than the 
responder cels46,59. In the competition assay, the mating partner cels consist of a wild-type 
‘target’ strain and a mutant ‘competitor’ strain. The relative ability of the mutant competitor cels 
to compete with the wild-type target cels in mating to the responder cels is assessed by 
measuring the mating efficiency between the target and responder cels. A good competitor cel 
wil be competent in signaling and chemotropic behavior, but does not necessarily have to be 
proficient in fusion. Competitor cels that may have defects in signaling or chemotropic behavior 
wil not compete effectively, so the mating between target and responder cels wil be higher. In 
order to distinguish diploid formation between the target and responder cel pairs with 
competitor-responder cel pairs, appropriate genetic selection markers are encoded into the target 
and responder strains. 
In the partner discrimination assay, the two mating partner cel types typicaly difer in 
their ability to secrete pheromone, but otherwise have al mating signaling components intact59. 
Instead of evaluating the competition ability of one of the mating partners, the discrimination 
assay evaluates how wel the responder cel can choose between the two mating partner cels. 
Because the responder strain contains the mutation that is being evaluated, this assay typicaly 
alows a greater dynamic range to be explored since mating efficiency is being measured for a 
mutant, as a opposed to a wild-type strain. 
The confusion assay examines the importance of the pheromone gradient during the 
mating process66,76. In wild-type cels, the addition of exogenous pheromone in the presence of 
mating partner cels results in a reduction in mating eficiency. This mating reduction is presumed 
to be caused by diminishing the ability of the wild-type cels to sense the natural pheromone 
gradient emited by the mating partner cels. Thus, they become ‘confused’. In mutant cels where 
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the gradient sensing ability is lost, however, there is no reduction in mating efficiency when 
exogenous pheromone is added to the mating mixture. This is because the gradient sensing ability 
is already lost, so abolishing the pheromone gradient wil not have a further impact on mating. 
While several mutants with specific defects in chemotropism have been identified with the 
confusion assay, it may be dificult to evaluate the chemotropic defects of mutants that also 
exhibit severe signaling defects, since addition of exogenous pheromone may compensate for a 
signaling defect and improve mating. As a result, a severe signaling defect could potentialy mask 
an orientation defect in the confusion assay. 
 
Direct chemotropism assays 
In addition to the indirect genetic-based assays described above, direct assays have also 
been developed to evaluate chemotropic growth at the single-cel level. The zygote formation 
assay involves time-lapse monitoring of the mating process in a more natural seting71,77. Mating 
partner cels are mixed on an agar surface at a relatively low density and alowed to mate. In 
order to assess projection orientation ability, bilateral mating crosses are typicaly performed, 
where the same mutation exists in both the MATa and MATα cel types. If a particular mutation 
confers a chemotropic defect, the reduction in mating wil be magnified if both partner cels are 
defective, as opposed to just one of the partners. Once cel fusion has occurred, the orientation 
ability can be infered by measuring the angle created by the two fused projections. Fusion angles 
wil be larger for cels that exhibit poor orientation, and smaler for wild-type cels that exhibit 
optimal orientation. Alternatively, the angle between the projection growth site and bud scar can 
be measured, to assess the ability of polarity factors to undergo symmetry breaking (change from 
budding symmetry to pheromone-induced symmetry)77. In addition to orientation, projection re-
orientation can also be evaluated using this assay by first stimulating the mating partner cels with 
pheromone in liquid culture prior to seeding them on agarose71. Wild-type projections can be 
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observed to re-orient toward their mating partners, whereas mutants defective in gradient sensing 
wil not be able to re-orient as wel. 
In order to more precisely evaluate orientation and projection growth maintenance, cels 
can be exposed to artificial gradients either on an agar substrate or in microfluidic devices. In the 
first direct assay of chemotropism, a micropipete was used to generate a radial pheromone 
gradient around cels seeded on an agar surface78. Using this assay, projection orientation can be 
assessed by measuring the angle of the projection with respect to the gradient normal. Wild-type 
cels wil exhibit smaler projection angles, whereas mutants defective in orientation wil exhibit 
larger angles. 
In order to increase the control and stability of the gradient, various designs of 
microfluidic devices have been used in assays for pheromone gradient sensing. In these devices, 
gradients are generated in one of two ways: either by diffusion of pheromone into chambers 
protected from fluid flow68,79,80 or by difusion of pheromone across a chamber that is 
experiencing fluid flow61. In al of these designs, the gradient extends in one direction and 
projection angles can be measured with respect to the gradient normal. Stability of the gradient 
over time is important, as cel signaling, chemotropism, and phenotypic responses are al very 
sensitive to pheromone concentration especialy when it is in a range that largely modulates 
receptor saturation. Since precise signaling behaviors and developmental outcomes are often 
being studied, most experiments involving pheromone induction are caried out in strains with the 
Bar1 protease deleted. This helps to ensure the corespondence of cel response with a known 
level of input. In addition to measurements of growth orientation, precise measurements of 
projection growth rate and lineage coupling can also be obtained in microfluidic experiments. The 
ability to establish, sustain, and re-orient projection growth are distinct aspects of chemotropism 
that are best evaluated in carefuly controled environments, where pheromone gradients are 




Tools for measuring intracelular signaling dynamics 
Fluorescence-based reporters 
At the core of the mating pathway is a MAPK cascade that initiates the processes 
important for mating. Over the years, a variety of genetic-based and single-cel assays have been 
developed to measure signaling at different levels of the mating pathway. Fluorescence-based 
reporters, including protein fusions and transcriptional reporters, have been particularly useful, 
since they are able to couple with single-cel microscopy and can report on both the temporal and 
spatial aspects of signaling dynamics. Fusing fluorescent proteins (FPs) to endogenous proteins 
has enabled the direct examination of protein location, translocation, expression, and degradation 
in live cels. These studies have also been carried out in high-throughput systematic studies using 
genome-wide libraries of GFP-tagged proteins81,82. Fusion of FPs to multiple proteins has further 
enabled co-localization studies and even examinations of protein-protein interactions through 
measurements of fluorescence-resonance energy transfer (FRET)83. Generaly, an interaction 
distance of less than 10nm is necessary for FRET to occur. Other ratiometric fluorescence-based 
strategies have also been developed for mapping protein-protein interactions in yeast84. In 
addition to localization and protein interaction applications, fluorescent proteins can also be 
expressed under the control of endogenous promoters within the yeast genome, in order to report 
the transcriptional activity of a signaling network. For example, the promoters of highly 
expressed mating genes, such as Fus1, are commonly used in transcriptional fluorescence-based 
reporters to detect mating pathway activity85. Even with strong promoter activation, it takes 
approximately an hour to first achieve a signal from GFP expression. Because of the time 
required for maturation and degradation of the fluorescent protein, these reporters are considered 
to be ‘passive’ reporters and are unable to capture fast dynamics and upstream signaling events. 
The fusion of PEST tags, or proteasome-targeting sequences, to GFP are able to decrease its half-





Geneticaly-encoded FRET biosensors 
Over the past decade, there has been a rapid rise in the development of geneticaly-
encoded FRET biosensors to visualize a diversity of intracelular signaling events, including 
kinase activity, GTPase activity, protein conformation changes, and smal molecule/ion 
concentrations83,87. Rather than serving as passive reporters of intracelular signaling, many 
FRET-based biosensors are active reporters exhibiting rapid on/of switching that can more 
closely match the dynamics of many biological events, such as protein phosphorylation, 
dephosphorylation, conformational changes, and ion/metabolic fluxes. Additionaly, the 
geneticaly-encoded nature of these probes, utilizing an ever-expanding catalog of fluorescent-
proteins, highlights their simplicity and versatility, especialy in their ability to be geneticaly 
targeted to specific subcelular compartments. 
While many of these sensors have been widely utilized in mammalian systems, the 
development and application of FRET activity reporters in simpler eukaryotes has thus far been 
underappreciated. Yeast has been a model system for studying many eukaryotic signaling 
pathways, but its smal size, fast doubling time, and non-adherent nature pose chalenges for 
studying single-cel dynamics over extended periods of time. Only recently have microfluidic 
technologies enabled long-term imaging of yeast cels with user-defined control of the 
extracelular environment79,88,89. As opposed to dish or open-volume imaging platforms, 
microfluidic devices have the advantage of being able to keep dividing and growing yeast cels in 
the focal plane of the microscope, thus providing focal stability and the ability to track individual 
cels and cel shapes over time. This in turn enables biosensors and other fluorescence-based 
reporters to be monitored in single cels. Studying dynamic processes using FRET-based 
reporters in yeast also poses chalenges relating to signal strength, photobleaching, and 
phototoxicity90. Because of their smal size, concentrations of fluorescent molecules tend to be 
lower. Phototoxic efects, such as cel-cycle arest or dying, can also be observed if yeast cels are 
21 
 
exposed to high doses of GFP-wavelength-range light. Thus, adjusting the ilumination intensity 
and imaging frequency is especialy important for time-lapse experiments involving multiple 
wavelengths captures, such as with FRET. To date, applications of FRET biosensors in yeast 
have mostly involved the detection of smal molecules, including metabolites and second 
messengers, and ions91–94. Recently, a FRET biosensor was also developed to measure Cdc42 
activity at the plasma membrane in vegetatively growing yeast cels95. As further advances in 
biosensor design and fluorophore development are made in mammalian systems, activity 
biosensors should continue to see increased utility in yeast cels, where signaling and 



















II. Role of Ste5 membrane binding in pheromone gradient sensing 
 
Introduction 
The MAPK scafold protein Ste5 is essential for yeast mating. Upon dissociation of the 
Gβγ complex, Ste5 is rapidly recruited to the plasma membrane (PM) where it serves two 
primary signaling functions. First, it brings the MAPKKK, Ste11, into close proximity with its 
upstream PAK activator, Ste20, which gets activated and localized to the plasma membrane by 
Cdc42. Once activated, Ste20 phosphorylates and activates Ste11 to initiate the MAPK cascade. 
Second, Ste5 selectively binds and activates Fus3, the mating-specific MAPK. Thus, by being 
recruited to the plasma membrane and binding the mating MAPK components, Ste5 is able to 
prevent Ste11 from signaling to MAPKs that are involved in other pathways2. 
Because of its role in activating Fus3 and initiating MAPK cascade, the regulated 
localization of Ste5 at the PM is important for activating the overal mating response. In addition 
to binding to Gβ, Ste5 also binds to the membrane through an N-terminal amphipathic helix and a 
PH domain, which interact with membrane phospholipids and phosphoinositides, respectively96,16. 
Membrane localization of Ste5 may also be facilitated by indirect interactions, such as with 
Bem1, another scaffold protein that binds Ste20, Cdc24, and Cdc4297,98. While Ste5’s initial 
recruitment to the plasma membrane is rapid and uniformly distributed, polarized and sustained 
localization of Ste5 at the incipient projection site has been shown to require the polarized 
localization of PtdIns(4,5)P2 at the membrane99. Projection formation and maintenance, however, 
may only require a smal number of Ste5 proteins to be present and active at the membrane, 
smaler than what can be readily detected by microscopic evaluation. Additionaly, it has been 
shown that constitutive targeting of Ste5 to the membrane (via Ste5-CTM fusion) leads to robust 
signaling activation96, and even polarized cel growth in the absence of pheromone induction. 
These results suggest Ste5’s presence at the membrane and concomitant activation of Fus3 may 
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also play a role in regulating the chemotropic behavior of cels. Here, we sought to examine the 
effects of Ste5 membrane binding more closely through assays of gene expression, localization, 
and pheromone gradient sensing. 
 
Results 
Localization of Ste5 and modulation of membrane binding 
In order to assess the importance of the Ste5 – plasma membrane (PM) interaction on the 
mating response, we examined previously identified mutants of Ste5, in which the PM binding 
affinity was either stronger or weaker than wild-type Ste596. The stronger afinity mutant, 
Ste5T52L, enhances the hydrophobicity of the embedded amphipathic helix in Ste5’s N-terminal 
PM domain, and resulted in an increased signaling response. Conversely, the weaker affinity 
mutant, Ste5dn8E, adds repulsive negative charge to regions flanking this PM domain, and resulted 
in a decreased signaling response. These perturbations do not afect Ste5’s Gβ or PIP2 binding 
regions, which are found at separate regions in the protein96. In order to more closely evaluate the 
localization and signaling effects of these mutants, we prepared 3xGFP-tagged chimeras of these 
mutants and integrated them into the genome, in place of the endogenous Ste5 gene. In basal 
cels, localization of Ste5-3xGFP, Ste5T52L-3xGFP and Ste5dn8E-3xGFP was found to be cytosolic 
and slightly enriched in the nucleus for each of the strains (Figure 2.1a). Low levels of Ste5T52L-
3xGFP were also detected at the plasma membrane in some cels. After 3hrs of saturating 
pheromone treatment, Ste5T52L-3xGFP and Ste5dn8E-3xGFP both showed strong localization at the 












Figure 2.1. Signaling and localization of Ste5 PM binding mutants. A) Schematic of Ste5-3xGFP 
construction. B) GFP fluorescence images of wild-type (PC67) and mutant Ste5 strains (PC74, PC75) 
before and after 3 hours of 10uM alpha-factor treatment. C) Schematic of FUS1pr-GFP construction 
and integration. D) Dose response of mating gene expression for PC51 cels expressing an integrated 



















































Figure 2.2. Membrane localization dynamics of Ste5 during pheromone-induced morphogenesis. 
Time-lapse images and kymographs depicting Ste5-3xGFP fluorescence for cels stimulated with 
either 10nM (A) or 100nM (B). Kymographs depict the membrane-localized GFP signal and are 
shown as both linear (top) and radial (botom) plots. C) Kymograph set of membrane-localized GFP 




































































In order to evaluate the signaling effect of the Ste5 PM-binding mutants, we used a Fus1-
GFP reporter to measure mating gene expression in bar1Δ cels expressing wild-type or mutant 
Ste5. Dose responses of each strain resulted in increasing levels of Fus1-GFP as the pheromone 
concentration increased from 0 to 70nM (Figure 2.1b). Ste5T52L resulted in a higher level of gene 
expression at al doses, whereas Ste5dn8E resulted in slightly lower levels of gene expression at al 
doses, relative to wild-type. Interestingly, gene expression reached maximum levels at lower 
doses for Ste5T52L compared to wild-type Ste5 and Ste5dn8E, suggesting that signaling capacity can 
be regulated by how strong the Ste5 – PM interaction is in the cel. 
Previous studies indicate that pheromone signaling and gene expression dynamics depend 
on the dose of pheromone a cel is exposed to68,38. In particular, phosphorylation of Fus3 has been 
found to undergo oscilatory dynamics in cels treated with high doses of pheromone38. At high 
doses, cels form multiple mating projections over time, indicative of a ‘default’ mating response. 
To determine if these periods of high Fus3 phosphorylation (captured from immunoblot 
experiments) might be caused by the dynamic localization of Ste5 to sequential mating 
projections, we tracked Ste5-3xGFP at the membrane at diferent doses of pheromone (Figure 
2.2). At al doses, Ste5 localization at the PM was found to precede projection growth. At lower 
doses of pheromone, near the receptor KD, Ste5 was found to localize broadly around the 
membrane. These cels formed single projections that were sustained in time. At higher doses of 
pheromone, which saturated the receptor, Ste5 was found to localize to the curent site of 
projection growth. Ste5 maintained tight localization to the projection tip while each projection 
grew, and then completely vacated this site and re-localized to a new projection site as growth of 
the subsequent projection commenced. These results suggest that dynamic localization of Ste5 to 
new sites of polarized cel growth may be important for regulating the signaling processes that 
drive pheromone-induced morphogenesis. 
 
Design and operation of improved microfluidic gradient sensing device 
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In order to evaluate chemotropic behavior in controled gradient environments, we 
designed and validated a microfluidic gradient sensing device that improved upon a device we 
previously developed79. One pitfal of our initial device was that gradient stability and cel 
seeding uniformity were dificult to control. We improved gradient stability across the cel 
chambers by merging the side flow channels at both the top and botom of the flow path (Figure 
2.3a,b). Mixing of the two side channels at the top of the flow path is removed by inserting a 
bypass channel that diverts the mixed fluid layer away from the cel chambers. Simulations with 
COMSOL (Burlington, MA) predicted this flow architecture to improve gradient stability when 
pressure imbalances occurred in the flow channels (Figure 2.3c). Addition of cel seeding inlets 
along the length of the side channels also improved cel seeding uniformity in the cel chambers, 
which is important for experiment quality. 
Wild-type bar1Δ cels exposed to a pheromone gradient of 0-60nM developed a range of 
phenotypes that were noticeable after prolonged exposure (Figure 2.4a). Cels at high 
concentrations (above ~40nm) formed multiple mating projections and were labeled as ‘default’ 
cels. At intermediate concentrations (10-40nM) ‘chemotropic’ cels formed single, sustained 
projections that typicaly aligned with the pheromone gradient. At the lowest concentrations 
(below 10nM), cels were predominantly ‘cel-cycle arested’ and ‘budding’ cels, based on 
whether they had stopped or continued to divide. The fraction of cels exhibiting each phenotype 
was recorded for a range of concentration bins (Figure 2.4b). We found the transitions from 
‘arested’ to ‘chemotropic’ phenotypes and ‘chemotropic’ to ‘default’ phenotypes to be mostly 












Figure 2.3. Design of microfluidic device for stable gradient generation. A) Overview of device. B) 
Alexa555 intensity traces of a cross chamber over a 12 hr period. C) Comsol simulation of the 
difusion profile caused by a pressure diference on either side of the cel chambers with or without 
the bipass channel in place D) Cels sensing gradient of pheromone at 0 and 6hrs post-induction (top). 
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Figure 2.4. Existence of multiple mating phenotypes upon pheromone gradient exposure. A) 
Representative cel chamber showing cels exposed to a 0-60nM pheromone gradient after 6 hours. B) 
Percentage of cels exhibiting specific mating phenotypes (default, chemotropic, arested, budding) for 































Efect of modulating Ste5 membrane binding on gradient sensing 
In order to assess the effect of Ste5 – PM binding on morphogenic development, we 
exposed the Ste5 mutants to gradients of pheromone in our microfluidic devices. Remarkably, 
Ste5T52L cels resulted in projection formation at al doses in the 0-60nM gradient (Figure 2.5). 
The onset of chemotropic growth and multiple-projection formation each occurred at lower doses 
compared to wild-type Ste5. In contrast, Ste5dn8E cels behaved similarly to wild-type cels, with 
morphological transitions occuring at slightly higher pheromone concentrations. Interestingly, 
the dose range at which chemotropic growth was the predominant phenotype was also the dose 
range at which gene expression was most highly sensitized for each of the three strains (Figure 
2.6b,c). These results indicate that Ste5 PM binding may affect the ability of cels to undergo 
chemotropic growth by modulating downstream pathway signaling. In order to see if modulating 
PM binding resulted in changes in projection growth orientation, we quantified the projection 
angles of chemotropic cels within each concentration bin (Figure 2.6a). We did not find any 
significant diferences in projection orientation for either of the PM binding mutants relative to 
wild-type cels. Morphological inspection of chemotropic mutant cels also showed similar 


















Figure 2.6. Efect of Ste5 PM binding afinity on gradient sensing and chemotropic range. A) 
Average projection orientations for Ste5, Ste5T52L, and Ste5dn8E cels exhibiting the chemotropic 
phenotype. B) Relative percentage of chemotropic cels at diference pheromone concentrations for 
each of the Ste5, Ste5T52L, and Ste5dn8E strains. C) Dose response of gene expression for each fo the 
























































































In summary, we found the binding affinity between Ste5 and the plasma membrane to be 
an important interaction in regulating pathway signaling and morphogenic behavior. We show 
localization of Ste5 to the membrane to be a highly dynamic and pheromone-dependent process. 
Localization to the incipient growth site precedes projection growth and is consistent with recent 
reports showing the requirement of early PIP2 anisotropy in polarizing Ste5 at the projection tip99. 
Additionaly, Ste5’s rapid re-localization to subsequent projection tip sites supports its role in 
driving dynamic Fus3 activation paterns. Furthermore, we designed and utilized an improved 
microfluidic device to evaluate the chemotropic behavior of Ste5 mutants with altered PM 
binding affinities. Rather than afecting projection orientation ability, we find PM binding affinity 
to modulate the onset of chemotropic growth of cels exposed to pheromone gradients. With 
stronger membrane binding showed leftward shifted chemotropic range that corelated with the 
range, in which gene expression was sensitive to concentration changes. Similarly, weaker 
membrane binding showed a slighter rightward shift in the chemotropic phenotype and gene 
expression sensitivity range. Thus, in addition to the signaling modulation that is controled by 
upstream receptor-ligand binding, these results support a role for Ste5’s PM binding interaction in 
modulating pathway signaling. Ensuring an optimal level of Ste5 activity at the membrane, by 
controling interaction strength, may have been evolved to maintain long-term alignment of 










Materials and Methods 
Yeast strains and plasmids 
Al yeast strains used in this study are congenic with W303 and prepared using standard 
genetic and molecular biology methods. Deletion mutants were generated using natMX4, 
hphMX4 and kanMX6 selection marker fragments amplified from pAG25, pAG32100 and pFA6a-
kanMX6101, respectively, and verified by PCR. To avoid changes in pheromone concentration, al 
strains were in a bar1Δ background and derived from PC51 (MATa ade2 his3 leu2 trp1 ura3 
can1 ste5Δ:ADE2 bar1Δ:natMX4). To create integrated Ste5-3xGFP constructs, integrating 
plasmids were prepared containing the STE5pr-STE5-3xGFP construct in the p405 plasmid 
backbone. Linearization of the integrating plasmids at sites inside the Ste5 promoter and 
subsequent transformation into PC51 resulted in genomic integration of the Ste5-3xGFP chimeras 
at the endogenous Ste5 gene locus. Single-copy integrants were selected from GFP fluorescence 
screening of the transformed clones. For example, pPC10 was linearized with XbaI and then 
transformed into PC51 to make PC67. Similarly, pPC11 and pPC12 were used to make strains 
PC74 and PC75, respectively. In order to make pPC10 and pPC11, the STE5pr-STE5-3xGFP 
fragment was digested from pPP1968 and pPP2252, respectively, with SacI/PstI, then ligated into 
p405. To make pPC09, the 3xGFP fragment was digested from pPP1968 with SpeI/PstI, then 
ligated into pPP2336. pPC12 was made by cloning the SacI/PstI from pPC09 into p405. 
 
Microfluidic device design and operation 
The device was constructed from a single-layer polydimethylsiloxane (PDMS) (Sylgard 
184; Dow Corning) molding made using soft lithography102 and sealed to #1.5 cover glass. The 
master mold was a silicon wafer with a two-level relief coresponding to the height difference 
between the flow channels and the cel chambers (5 µm for the cel chambers and 100 µm for the 
flow chambers). The cel chamber layer was made by spin-coating a 5µm layer of SU-8 2005 
photoresist (Microchem, Boston, MA) onto a 4” silicon wafer folowed by UV paterning through 
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a mask. The flow channel layer was made by spin-coating a ~80µm layer of positive photoresist, 
folowed by UV paterning through a second mask. The mold was then used to make a ~5mm 
thick PDMS cast, which was cut into individual chips. After use the PDMS chips were separated 
from the cover glass, washed, and recycled. 
Cels were seeded into the device through the cel inlet channels that bifurcate into the 
side flow channel. Once in the flow channel, pressure was elevated dramaticaly to mobilize cels 
into the narow cel chambers. A gradient of pheromone was then delivered by inlets at the top of 
the device. During each experiment, the gradient stability was monitored at the merge point of the 
two flow channels by measuring the fluorescence of a dye that is dissolved in the media 
containing pheromone. 
 
Live-cel microscopy and image analysis 
Al strains were grown overnight in Synthetic Complete medium with 2% dextrose 
(SCD) or SCD-URA (for episomaly expressed constructs), diluted the next day, and grown to mid-
log phase (OD ~ 0.8) just prior to imaging. For GFP localization studies, time-lapses were 
performed with cels on agarose pads. For chemotropism studies involving spatial gradients of 
pheromone, experiments were performed using our microfluidic gradient devices. For al 
experiments involving alpha-factor stimulation, media was supplemented with 20 ug/ml casein 
(Sigma) to prevent absorption of alpha-factor to vessel wals18. Imaging was performed with a 
Zeiss Axiovert 200M epifluorescence microscope equipped with an automated stage using either 
a 40x/1.3NA or 100x/1.4NA plan-apo oil immersion objective, where noted. Images were 
acquired with a 16-bit Cascade 512 camera. Excitation was provided by an Excite Exacte light 
source (Excelitas Technologies) at 25% power. GFP excitation and emission was passed through 
a Semrock Dual Band filter set: FF01-468/553-25 (excitor), FF01-512/630-25 (emiter), 
FF493/574-Di01-25x36 (dichroic). Exposure times were 100ms for the GFP channel. Images 
were captured using Slidebook 5.5 (Inteligent Imaging Innovations) and subsequently processed 
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and analyzed using Matlab. For experiments evaluating FUS1pr-GFP fluorescence, cels in each 
field were segmented by applying an adaptive threshold on the GFP channel image and then 
aligning fluorescence intensities to these masked cel regions. For Ste5 localization experiments, 
membrane-localized GFP intensity for individual cels was tracked in time by adapting an image 
processing routine103 that segments and tracks cels using the phase-contrast channel. Cels that 
were out of focus or segmented incorrectly were omited from analysis. Cel fluorescence values 





















III. Single-cel dynamics and variability of MAPK activity in yeast 
 
Summary 
In response to pheromones, yeast cels activate a MAPK pathway, consisting of Fus3 and 
Kss1, in order to direct processes important for mating, including gene induction, cel-cycle 
arrest, and polarized cel growth. While transcriptional reporters and fluorescence-based assays 
have been able to elucidate signaling activities at multiple steps in the pathway, measurements of 
MAPK activity in living cels have remained elusive, and our understanding of single-cel 
signaling behavior is not clear. Here, we applied the mammalian Erk activity reporter, EKAR, to 
visualize Fus3 and Kss1 activity in live yeast cels. Upon stimulation with pheromone, EKAR-
expressing cels showed a robust increase in FRET signal that was specific to both Fus3 and 
Kss1. We demonstrate that overal mating MAPK activity exhibits rapid reversibility, a graded 
dose-dependence around the KD of the receptor, and a biphasic kinetic profile that closely 
resembles Fus3/Kss1 phosphorylation. Single-cel analysis revealed significant response 
variability, which closely depended on cel-cycle position and correlated with mating gene 
expression. Additionaly, we find MAPK activity to be sustained at multiple locations in the cel 
and that spatial gradients of activity develop over time, emanating from mating projections. These 




In response to changes in their environment, cels often undergo phenotypic transitions 
through the action of mitogen-activated protein kinases (MAPKs). Depending on the external 
signal present, the temporal and spatial properties of MAPK regulation may prompt cels to 
proliferate, differentiate, or adapt to diferent stresses. As a unicelular model, the mating 
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response in yeast is a slow and carefuly orchestrated transition that requires diverse processes to 
be regulated by the mating MAPK, Fus3. To prepare for fusion with a mating partner, yeast cels 
must arrest their cel-cycles in G1 phase, polarize their cel growth, re-organize their membranes, 
and upregulate many genes that are important for maintaining these processes1–3. The molecular 
interactions supporting these activities have been studied in detail, but many questions regarding 
the dynamics of mating diferentiation remain. In particular, how phosphorylation activity 
manifests itself during the overal mating response wil be important in furthering our 
understanding of MAPK signaling behavior, by effectively filing the void between upstream and 
downstream signaling events. 
The mating response is initiated in haploid yeast cels when G protein-coupled receptors 
bind to pheromones that the opposite mating partner secretes. Ligand-bound Ste2 receptor (for 
MATa cels) activates a heterotrimeric G protein, causing GTP-to-GDP exchange on the Gα 
subunit (Gpa1) and subsequent conformational changes that unmask the Gβγ (Ste4-Ste18) 
heterodimer4. Once free, Gβγ establishes multiple key binding interactions that are required for 
proper signal transmission. It recruits the Far1-Cdc24 complex, thereby activating Cdc425. It also 
recruits Ste20, which in turn is activated by Cdc426–8. The third major effector recruited by Gβγ is 
Ste59,10, a scaffold protein for the three MAPK subunits: Ste11, Ste7, and Fus311–13. By virtue of 
being tethered to Ste5 at the plasma membrane, Ste11 is activated by Ste2014, thus triggering the 
MAPK cascade. Serving an integral role for early and long-term pathway modulation15–18, Ste5’s 
membrane recruitment is also a target of inhibition by G1 cyclins, alowing cels that have 
surpassed the Start checkpoint in G1 to complete their mitotic cycle before mating19. The primary 
goal of activating the MAPK cascade is to generate dualy phosphorylated Fus3, which plays 
many roles in downstream mating processes. Kss1, the MAPK responsible for invasive growth 
and a homologue of Fus3, is also phosphorylated upon pheromone stimulation, but is more 
transient20 and mating functions largely overlap with Fus321–24. Phosphorylation of Dig1, Dig2, 
and Ste12 to induce transcription of mating genes is required for mating and a central role of 
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MAPK function25–28. However, for mating to be optimal, additional targets are activated to drive 
processes as diverse as cel-cycle arest and morphogenesis. While many of these substrates are 
known, there are likely many more that have yet to come to light, as phosphoproteomics data 
would indicate31,32. Interestingly, while both MAPKs are enriched in the nucleus and perform 
their most important functions there, levels of phosphorylated Fus3 appear strikingly low 
compared to regions outside the nucleus, although the dynamics of this localization have not been 
established36,37. This would be consistent with Fus3’s rapid exchange at both the shmoo-tip and 
nucleus during pheromone stimulation34, and a potentialy different susceptibility to phosphatases 
in these regions35–37. These combined observations support the notion that phosphorylated Fus3 
needs to be highly mobile, so that when substrates become present, Fus3 wil be able to activate 
them wherever they are located. Thus, regulation of diverse mating functions may be determined 
by the strength, location, and timing of MAPK activity in the cel. 
To observe mating pathway activity in single cels, a variety of methods have been 
utilized, including promoter-activity reporters104,88 and fluorescence-based techniques37,105. 
Despite their utility, direct measurements of MAPK activity have remained elusive. Here, we 
demonstrate the application of a mammalian Erk reporter to visualize Fus3 and Kss1 activity in 
live yeast cels. Using this FRET-based reporter in live-cel assays, we are able to draw new 
insights into MAPK signaling behavior, cel-to-cel response variability, and the spatiotemporal 
dynamics of substrate phosphorylation during mating morphogenesis. 
 
Results 
Reporting Fus3 and Kss1 activity using EKAR 
Geneticaly encoded FRET reporters have emerged as useful tools for visualizing 
dynamic signaling processes in cels with high temporal and spatial resolution. In particular, the 
Erk Kinase Activity Reporter (EKAR)106 and its newer generation versions107–109 have 
demonstrated robust Erk activity reporting in a variety of mammalian cel contexts with 
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sensitivity to distinct physiological stimuli110–112. Given the close similarity of the 
enzyme/substrate interaction motifs between Erk1/2 and their MAPK homologs in yeast (Figure 
3.1a), we reasoned that EKAR might also be capable of reporting Fus3 and Kss1 activity during 
the yeast pheromone response. To test this hypothesis, we expressed a version of the EKAREV 
construct, EKAR2.3 (referred to as EKAR herein), under control of the strong GPD promoter in 
yeast and measured the FRET ratio of single cels in response to alpha-factor (Figure 3.2b, c, d). 
On average, we found a robust increase in the FRET ratio that consisted of a rapid initial increase 
folowed by a slower prolonged increase that reached a maximum level approximately 90 minutes 
after pheromone stimulation (Figure 3.2c). As controls and to further assess the cause of this ratio 
increase, we measured the pheromone-induced EKAR response in strains where different 
components of the MAPK signaling cascade were deleted (Figure 3.2e). In wt cels expressing 
EKAR with a T/A phosphosite mutation in the substrate domain, there was no increase in FRET 
ratio after pheromone induction. Similarly in ste7Δ and fus3Δkss1Δ strains expressing intact 
EKAR, the average FRET ratio did not increase after alpha-factor treatment and remained below 
pre-treatment levels for the ful 3hr time course. These results indicate that both phosphorylation 
of the substrate domain and the presence of the mating MAPKs are required for EKAR to ilicit a 
pheromone-induced FRET response. In a fus3Δ strain, ratio levels initialy increased to a level 
roughly half that of the wt strain, peaking within the first 15 minutes and then showing a mostly 
transient response thereafter. Remarkably, the average FRET ratio of kss1Δ cels closely 
mimicked that of wt cels with a strong initial increase in the first 6 minutes of stimulation, 
folowed by a slower growth phase and then slight decay after 2 hrs. The relative activity 
responses in the fus3Δ and kss1Δ strains are consistent with Fus3 being the primary MAPK in the 
mating pathway and with it’s doubly phosphorylated form increasing to a greater abundance than 
the phosphorylated form of Kss1. Additionaly, the overal biphasic activity increase reported by 
EKAR in the wt strain is qualitatively similar to the combined activation of Fus3 and Kss1 based 
on western blot detection of phosphorylated forms (Figure 3.6). It should be noted, however, that 
41 
 
phosphorylation of Fus3 and Kss1 alone may not fuly represent their relative activity in the cel, 
and that signaling activity is more directly indicated by their engagement with and 
phosphorylation of substrates. Altogether, these results indicate that EKAR is a reliable single-
cel reporter of Fus3 and Kss1 activity in cels exposed to pheromone. 
To seek further improvements and insight into the probe’s performance, we evaluated the 
effects of expression and docking domain homology on EKAR’s signaling dynamic range. 
Expression of EKAR from multiple integrated genomic copies (2x, 3x, and 4x copies) resulted in 
a greater FRET ratio change than expression from a single integrated construct (Figure 3.3). 
Additionaly, due to the fact that EKAR’s substrate domain contains a DEF (FXFP) docking site 
from mammalian Elk1, we wondered how altering the docking site would afect EKAR’s 
signaling properties. Surprisingly, variants of EKAR, in which the surounding FXFP residues 
were mutated to match those from Dig1, showed a slight reduction in signaling dynamic range 
and a concomitant increase in basal FRET signal (without pheromone present) (Figure 3.4). 
While the precise cause is not clear, this increase in basal FRET signal could be the result of 
MAPK-specific, nonspecific protein, or clustering interactions that preclude the FRET probe 
from remaining in a true “off” state. Despite this confounding efect, an EKAR variant with the 
four FXFP residues changed to alanine showed significant reductions in both basal FRET signal 
and dynamic range, indicating the importance of the Phe and Pro residues for Fus3/Kss1 docking 
and probe signaling. Additionaly, to assess EKAR’s potential to report Hog1 (p38 homolog) 
activity, we stimulated EKAR expressing cels with osmotic stress conditions and found no 
increase in FRET ratio (Figure 3.5). These findings further support EKAR’s utility as a MAPK 












Figure 3.1. Rationalization and validation of EKAR in yeast. A) Pairwise sequence alignments of 
Erk2 with Fus3 and Erk1 with Kss1 showing regions that directly interact with defined MAPK 
substrate motifs (phosphosite and DEF motif). Both the P+1 motif and the TXY activation loop (in 
blue) direct proline specificity for the substrate phosphorylation site (P-X-S/T-P). Residues marked by 
a ‘+’ sign form a hydrophobic pocket and have been shown to be important for binding the DEF 
(FXFP) motif on Elk1 (x), confering an added mode of substrate afinity and specificity. Residues 
that are conserved in Fus3 and Kss1 are colored with amino acid similarity symbols below. Alignment 
of the DEF motifs in Elk1 and Dig1 is shown below. B) Schmatic of EKAR2.3 construct, derived 
from EKAREV. C) Normalized emission ratios of EKAR2.3 and EKAR1G (expressed on plasmids in 
PC72) after pheromone stimulation. Unstimulated EKAR2.3 construct in gray. Graph shows mean ± 
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Erk2  182 LTEYVATRWYRAPEIMLNSKGYTKSIDIW- -PGKHYLDQLN
Fus3  179 MTEYVATRWYRAPEVMLTSAKYSRAMDVW- -PGRDYRHQLL
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Figure 3.2. Probing Fus3 and Kss1 activity in live yeast cels using EKAR. A) Schematic diagram 
showing the core signaling components and physiological outputs of the yeast mating pathway. B) 
Schematic representation of the EKAR FRET biosensor used in this study. C) Asynchrous els 
expressing integrated EKAR (PC128) were treated with 10uM alpha-factor and imaged over a 2hr 
period. FRET ratios of single cels are shown with average response as black line. D) Representative 
phase-contrast and FRET ratio images of cels from experiment shown in (C). E) Comparison of 
pheromone-induced responses in wildtype and mutant MAPK deletion strains expressing EKAR, and 
wildtype strain expressing nonphosphorylatable EKAR-TA. Means and SEMs are shown (wt 
(PC128): n=30 cels, ste7Δ (PC154): n=43 cels, fus3Δ (PC155): n=33 cels, kss1Δ(PC156): n=42 
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Figure 3.3. Dependence of FRET ratio on EKAR expression level. A) Single-cel FRET ratios ploted 
against YFP intensity for cels expressing EKAR on a high-copy episomal plasmid (gray) and cels 
expressing EKAR integrated into the genome. B) YFP intensities for distinct integrated clones of 
EKAR, and parent strain (0 copy #). Bar graph: mean ± SD (n≥3 fields of view). C) FRET ratios for 
integrated EKAR clones after 1 hr treatment with 10uM alpha-factor, normalized to average ratios 
prior to treatment. Bar graph: mean ± SD (n≥4 fields of view). ***P<0.001, one-way ANOVA. Clone 
1 compared to clones 2, 3, and 4, colectively. D) Representative images for quantification shown in B 
and C. Top row: YFP intensity normalized to highest expressing clone. Pseudocolored FRET ratios 
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Figure 3.5. Efect of osmotic stress on EKAR response. A) Cels expressing EKAR and 
nonphosphorylatable EKAR (PRAP) were treated with equal volumes of 1M sorbitol or plain SCD 
medium. Graph shows mean ± SD (n=4 fields of view). B) Representative phase and FRET+CFP 
fluorescence images of cels before and after sorbitol addition. Reduction in cel volume folowing 
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Figure 3.6. Activation of Fus3 and Kss1 in bar1Δ cels (PC128) upon exposure to saturating 
pheromone. A) Fold-change in abundance of phosphorylated Fus3 (blue) and Kss1 (red) at indicated 
times of pheromone treatment. B) Absolute levels of phospohrylated Fus3 and Kss1, normalized to the 
maximum phopho-Fus3 abundance. C) Representative blots for anti-phospho-p44/42 and anti-PGK 
































































Dose dependence of MAPK activity 
The sensitivity of pathway activity to varying pheromone conditions has been widely 
examined18,104,88,113,114,43. To capture the dose dependence of Fus3/Kss1 activity using EKAR as a 
proxy for substrate phosphorylation, we measured the FRET response of single cels exposed to a 
range of pheromone concentrations. With the pheromone protease Bar1 deleted, Fus3/Kss1 
activity increased incrementaly from 0nM to 20nM of pheromone reaching near maximum 
activity levels at the 20nM dose (Figure 3.7a). During the first 90 minutes of stimulation, activity 
was noticeably more transient for the 4nM dose compared to the more sustained responses at 
8nM and higher, indicating that MAPK activity levels are largely modulated by changes in 
receptor occupancy (receptor KD ~ 6nM115). We found the dose response of MAPK activity to be 
mostly graded in the 30min to 2hr treatment window. This alignment of activity and upstream 
signal strength is consistent with previous reports of pathway sensitivity using MAPK 
phosphorylation and transcriptional induction18,104,114,68. Timelapse observation of morphological 
states in this pheromone range showed transitions from budding cels to enlarged, cel-cycle 
arrested morphologies and elongated, projection-forming cels at higher concentrations (Figure 
3.7b), behavior that is consistent with previous reports88,79,61. To assess the efective reversibility 
of the pheromone-induced MAPK response, we replaced the endogenous Fus3 gene with an 
inhibitor-sensitive alele in an EKAR-expressing kss1Δ strain and examined the effect of direct 
Fus3 inhibition on its substrate phosphorylation activity (Figure 3.7c). Upon catalytic inhibition 
of Fus3, activity decreased precipitously (basal level reached within 15 min), indicating that 
substrates are dephosphorylated rapidly when Fus3 is not able to phosphorylate them. 
Additionaly, we exposed EKAR-expressing wild-type cels to consecutive periods of pheromone, 
plain media, and pheromone (Figure 3.7d). Upon removal of pheromone, MAPK activity quickly 
decreased, returning to basal levels in 15 minutes. Restimulating the cels with an equal dose of 
pheromone produced a response similar to the first exposure. These results indicate that for cels 
to recover from cel-cycle arrest and other mating activities, both Fus3/Kss1 and their 
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downstream substrates are quickly dephosphorylated, thus permiting the mating pathway 




























Cel-cycle dependence of MAPK activity in single cels 
As in many cel diferentiation systems, the timing for executing processes in response to 
external signals is often controled by internal checkpoints in the cel which help to prevent 
signaling interferences and ensure a single, successful cel fate. In yeast, the execution of mating 
processes has been observed to be coordinated with cel-division status, as pheromone is only 
capable of arresting cels in the G1 phase of the cel cycle104,116–119. Cels past the Start checkpoint 
in G1 wil complete a new cel cycle before aresting and responding to pheromone. Specificaly, 
the inhibition of mating pathway signaling in post-Start cels has been shown to be mediated by 
G1 CDK targeting of the scaffold protein, Ste5, which when phosphorylated, is unable to localize 
to the membrane and activate the MAPK cascade19. Consistent with these findings, we observed a 
striking diference in EKAR responses among cels that promptly formed projections versus cels 
that budded folowing pheromone exposure (Figure 3.8a, b). In cels that proceeded to form 
projections (pre-Start cels, approximately 65% of al cels), the increase in MAPK activity was 
rapid and typicaly sustained throughout the course of mating morphogenesis (Figure 3.8c, d). In 
cels that proceeded to divide and bud (post-Start cels, approximately 25% of al cels), the 
increase in MAPK activation was significantly more delayed and often folowed an initial, short-
lived spike in activity. The increase in activity was found to be sustained only after bud 
emergence and the rate of increase was slower than for pre-Start cels. Upon closer examination 
of the budding stage, we also noticed the increase in MAPK activity to be less delayed in cels 
which had begun the budding process just prior to pheromone exposure (early-S cels). The time 
required to reach half maximum response (t1/2) was 6.4 ± 4.2min, 48.7 ± 12.2min, and 34.8 ± 
10min for pre-Start, post-Start, and early-S cels, respectively. Despite differences in the rates of 
activation, cel-cycle state did not have an efect on the eventual, steady-state activity level as 
cels exposed to pheromone ultimately commited to the mating phenotype. These results show 
that sustained MAPK activity coincides with the cel’s commitment to freely undergo mating 
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morphogenesis and supports the upstream G1 CDK regulation of Ste5 in modulating MAPK 
activity.  
The cel-to-cel variability of mating gene expression has been previously explored with 
significant sources of variability stemming from differences in both cel-cycle position and gene 
expression capacity104. Given that MAPK phosphorylation is the primary stimulus of Ste12-
mediated gene induction, we were interested in exploring the corelation between MAPK activity 
and the downstream transcriptional response within the same cels. Cels co-expressing EKAR 
and PFUS1-mCherry reporters were treated with pheromone and responses of each reporter were 
measured over time (Figure 3.9a). Because we assumed the strength of the transcriptional 
response should reflect aspects of both time and amplitude of the stimulus, we used the time-
integrated EKAR signal as our metric. After 3.5 hrs of treatment, the final mCherry fluorescence 
and the integrated EKAR response were found to corelate over a range of EKAR integration 
times, with an optimal corelation observed from the first 70 minutes of EKAR signaling (Figure 
3.9b). This time period spans the range where variation in cel-to-cel EKAR signal was maximal, 
in large part due to differences in cel-cycle position. Cels past Start exhibited low reporter 
responses, whereas both responses were higher for pre-Start cels. Despite this correspondence, 
there are likely separate factors influencing each of the MAPK signaling and gene expression 
subsystems, which are working independently of the cel-cycle. 
In addition to the effect of cel-cycle on MAPK response variability, we also noticed a 
strong response similarity between successive generations of cels, consistent with the observed 
heritability of gene expression responses, which has recently been reported120. Responses of 
mother and newborn daughter cel pairs were highly symmetric when the cel-cycle phases of 
both cels were pre-Start at the time of pheromone treatment (Figure 3.9c). This symmetry was 
diminished when the cel-cycle phase of the mother had exceeded Start, due to the overal 
reduction in time-integrated EKAR signal for post-Start stimulated cels (Figure 3.9d, e). These 
results indicate that the preservation of signaling capacity across cel generations occurs at the 
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level of MAPK-substrate phosphorylation, which in turn may be due to the preserved 





























Spatiotemporal probing of mating MAPK activity 
Pheromone treatment results in a rapid uptick of celular MAPK activity that is 
maintained over the course of the mating response. This sustained activity implies that there is a 
constant need for Fus3 and Kss1 to phosphorylate substrates in their proper spatial and temporal 
contexts22,68,33. Additionaly, the free mobility of Fus3 between the nucleus and plasma membrane 
has been shown to be important for ful activation of the mating machinery36. Due to the 
importance of Fus3 and Kss1 being able to engage their substrates and regulators in multiple 
celular compartments, we were interested in exploring the subcelular dynamics of MAPK 
activity in wild type cels exposed to pheromone. To visualize Fus3/Kss1 activity at diferent 
subcelular locations, we prepared strains with EKAR fused to targeting peptides specific for the 
cytosol (EKAR-cyt), nucleus (EKAR-nuc), and plasma membrane (EKAR-pm). Upon pheromone 
treatment, Fus3/Kss1 activity in al three compartments increased rapidly, exceeding 40% 
maximum activity within the first 10 minutes (Figure 3.10a). Both the cytosolic and nuclear 
responses were sustained and steadily increased beyond the initial spike. Interestingly, the overal 
nuclear response was reduced compared to the cytosolic response, even though the concentrations 
of both Fus3 and NLS-EKAR are higher in the nucleus. These results are consistent with the 
notion that phosphorylation of Fus3 in the nucleus is more transient due to a greater susceptibility 
to deactivating phosphatases in this compartment36,121. 
While it is known that Fus3 becomes localized and enriched at multiple celular 
compartments upon pheromone exposure, it is less clear how its activity emerges and is utilized 
during the morphological changes that take place. To visualize the spatial paterns of Fus3/Kss1 
activity, we exposed EKAR-expressing cels to gradients of pheromone in our microfluidic 
devices and measured cel responses over a 7-8hr period. For doses in the 5-60nM range, we 
found that as cels formed mating projections, gradients of Fus3/Kss1 activity emerged from the 
projection tips and would typicaly persist through most of the projection growth cycle (Figure 
3.10b, c, e, f, S10). Cels exposed to 60nM doses showed higher overal activity and steeper front-
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to-back (shmoo to distal end) distributions of activity compared to cels exposed to doses near the 
KD of the receptor, where mating projections tracked the direction of the pheromone gradient 
(Figure 3.10d, Figure 3.11a). The fractional diference in activity between the front and back cel 
regions was approximately 2-fold higher for 60nM exposure (0.22 ± 0.12) compared to 10nM 
exposure (0.11 ± 0.06). Similar front-to-back activity paterns were also observed in secondary 
projections that formed at higher pheromone exposures. As a control, cels expressing the EKAR-
TA mutant did not reveal any consistent paterns of activity (Figure 3.11a, b). Interestingly, 
projection-localized activity paterns were generaly found to strengthen over time as mating 
projections grew, consistent with an increasing expression of Fus3 and the localization of its 
substrates/regulators to the projection tip (Figure 3.12). Back-to-front activity gradients, 
stemming from pockets of high activity at the distal end of the cel, were also observed, but were 
weaker and occurred less frequently than front-to-back gradients for both concentration ranges 
tested (Figure 3.11b). Altogether, these results indicate that MAPK activity is predominantly 
localized at the mating projection in a graded fashion and that spatial activity paterns develop 

















Figure 3.11. Distributions of MAPK activity gradients at high and low pheromone conditions. A) 
Visualization of MAPK activity during pheromone-induced morphogenesis. Representative FRET 
ratio and phase-contrast images shown for EKAR-expressing cels exposed to A) 60nM pheromone 
for 3.5 hrs and B) 10nM pheromone for 4.5 hrs, and C) EKAR-TA-expressing cels (control) exposed 
to 60nM pheromone for 3.5 hrs. B) Fractions of EKAR expressing cels (PC128) exhibiting distinct 
FRET ratio profiles after 3.5 hrs (for 60nM average) and 4.5 hrs (for 10nM average) exposure to an 
external pheromone gradient. As a control, the frequency of ratio profiles for EKAR-TA expressing 
cels (PC162) are also shown. For each cel activity profiles were measured from the average of 3 
pixel-wide line distributions, measured from the projection tip to the distal end of the cel. 
Classification as a front-to-back (black) or back-to-front gradient (white) was by a comparison of the 
20% front-most and 20% back-most pixel averages on either side of the cel, which resulted in a p-
value < 0.01 (Student’s T-test). Front-to-back activity diferences that were not significant (p > 0.01) 


































Figure 3.12. Development of intracelular Fus3/Kss1 activity gradients in single cels. A) 
Kymographs showing EKAR activity along the mating projection axes. Three representative cels 
(PC128) stimulated with a 60nM dose of pheromone are shown. Arows indicate pheromone 
stimulation time. B) Distributions of EKAR activity with increasing time for an example cel 
stimulated with 60nM pheromone. EKAR activity is represented as the 3-pixel wide average FRET 
















































































































Many cel diferentiation systems utilize MAP kinase signaling to help convert 
information in the cel’s environment to actionable internal stimuli that can direct multiple 
processes inside the cel. In mammalian systems, distinct temporal and spatial paterns of Erk 
activity have proven to be important for cel-fate decisions pertaining to proliferation and 
diferentiation in a variety of cel and stimulus-dependent contexts111,112,122–125. In yeast, signaling 
through the MAP kinases, Fus3 and Kss1, is required to initiate and perpetuate the activities 
important for mating. Both the timing and location of their signaling activities is thought to be 
important for ensuring that non-mating signaling processes are not interfered with or invoked, and 
that the appropriate substrates are phosphorylated when and where they need to be. Specificaly, 
it has been suggested that the purpose of a slower rate of Fus3 phosphorylation is to keep the 
pathway ‘on’ for an extended period of time and thus prevent downstream mating responses from 
becoming saturated too soon68. It has also been observed that constitutive localization of Fus3 at 
either the plasma membrane or nucleus causes mating defects, further emphasizing the integral 
role of Fus3 at multiple locations in the cel36. Despite an extensive characterization of the mating 
pathway to date, the dynamics of MAPK activity in cels responding to pheromone have 
remained elusive. To capture these dynamics and address questions relating to cel-to-cel 
variability and spatial regulation of MAPK signaling, we applied the FRET-based mammalian 
Erk activity reporter, EKAR, to the live-cel imaging of yeast. 
While FRET-based protein activity reporters have been instrumental in elucidating 
dynamic signaling behaviors in mammalian systems, their utilization in yeast and other simpler 
eukaryotes has been underappreciated. In this work, we leveraged the high homology of Erk1-
Kss1, Erk2-Fus3, and their cognate substrate docking sites in the application of EKAR to 
visualize MAPK activity in live yeast cels. First, we demonstrate that EKAR can be used to 
detect pheromone-induced Fus3 and Kss1 activity in single cels with high specificity and 
signaling dynamic range. We show that overal mating MAPK activity exhibits rapid 
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reversibility, a graded dose-dependence around the KD of the receptor, and a biphasic kinetic 
profile that closely resembles Fus3/Kss1 phosphorylation. These results support Fus3/Kss1’s role 
as a celular on/off stimulus for mating pathway activities that are naturaly slow to develop, but 
may also need to be turned off quickly for cels to survive a failed mating atempt. Second, we 
find the dynamics of MAPK activity in single cels to be cel-cycle dependent and correlated with 
mating gene expression. Cels prior to Start undergo distinctly faster and more sustained early 
activation than cels that have already commited to or have just begun a new budding cycle. This 
behavior indicates that a sustained MAPK response may be counterproductive to early cel-cycle 
events, possibly from a combination of polarity establishment, cel-cycle arrest, and gene 
expression activity that may interfere with normal budding progression. This is also consistent 
with observations that pheromone-stimulated post-Start cels expressing a Ste5-8A alele, which 
is resistant to cel-cycle modulation, undergo an aberant arrest state characterized by 2N DNA, 
incomplete cytokinesis, and coexpression of mating and cel-cycle gene reporters19,126. We further 
show that cel-cycle phase is important for the MAPK response symmetry observed between 
mother and newborn daughter cels. Finaly, we explored the spatial paterns of Fus3/Kss1 
activity that arise during a cel’s response to pheromone. Given that phosphorylation of Fus3 and 
the Ste5-Fus3 interaction itself have been observed to have graded distributions at the shmoo-
tip37,105, we reasoned this could also translate into gradients of MAPK activity emanating from the 
mating projections. Indeed, using EKAR, we observed predominantly front-to-back gradients of 
Fus3/Kss1 activity in cels at both high and low pheromone doses, relative to the KD of the 
receptor. Whereas overal celular activity was high and largely nonpolarized prior to projection 
growth, gradients emerged just after projections became visible and strengthened over time. This 
indicates that continued phosphorylation activity at projection growth sites may be important for 
engaging morphological and cel fusion effectors, especialy at later time points. Additionaly, 
reduced levels of nuclear-localized activity, compared to the cytoplasm, may be important for 
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keeping the transcriptional response and pathway feedbacks in check so that the overal mating 
response runs optimaly and is sustainable over time. 
In summary, the findings presented here reveal that signaling through the mating MAPKs 
is highly dynamic in nature. Spatiotemporal control of MAPK activity has profound 
consequences in cel development, affecting both when and how diferent cel states emerge. 
Characterization of single-cel signaling dynamics through the use of substrate-based reporters 
wil provide unique opportunities to compare and contrast signaling behaviors in complex 
mammalian systems with those of simpler, geneticaly tractable eukaryotes. 
 
Materials and Methods 
Yeast Strains and Plasmids 
Al yeast strains used in this study (Table S1) are congenic with W303 and prepared 
using standard genetic and molecular biology methods. Deletion mutants were generated using 
natMX4, hphMX4 and kanMX6 selection marker fragments amplified from pAG25, pAG32100 and 
pFA6a-kanMX6101, respectively, and verified by PCR. To avoid changes in pheromone 
concentration, al reporter constructs were expressed in the bar1Δ background and derived from 
PC72. To create integrated reporter constructs of EKAR, integrating plasmids were prepared 
containing the EKAR2.3 construct under control of the high-expression GPD promoter. EKAR2.3 
(referred to as EKAR herein) is similar to EKAREV107 except that the positions of ECFP and 
YPet are switched (ECFP is N-terminal and YPet is C-terminal) and a C-terminal nuclear export 
sequence is absent (the untargeted construct localizes to both the nucleus and cytoplasm). 
Linearization of the integrating plasmids at sites inside the selection marker genes and subsequent 
transformation into PC72 resulted in genomic integration of the PGPD-EKAR constructs at the 
endogenous marker gene locus. The number of plasmid integrations was assessed by microscope-
based fluorescence screening of transformed clones. For example, pPC48 was digested with StuI 
and integrated at the ura3 locus to create PC126 and PC128 with 1 and 2 copies of PGPD-EKAR 
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integrated, respectively. PC167, PC195, PC162, PC149, PC165, and PC152 were created in a 
similar fashion by StuI linearization and transformation of the plasmids pPC62, pPC63, pPC64, 
pPC57, pPC60, and pPC58, respectively. To evaluate the efect of higher EKAR expression 
levels on the performance of the reporter, PC128 was transformed with Bsu36I-linearized pPC49 
to create PC158. PC158 was transformed with NheI-linearized pPC50 to create PC163. Due to an 
altered projection growth behavior and a noticeable degree of toxicity observed with the NLS-
EKAR construct when expressed at high levels, the weaker ADH1 promoter was used for 
dynamics studies with this nuclear-localized reporter. The mCherry transcriptional reporter 
plasmid pPC61 was linearized with SwaI and integrated at the endogenous Fus1 promoter locus 
of PC128 to create the dual activity/transcriptional reporter strain, PC159. 
Al plasmids used in this study (Table S2) were constructed using standard recombinant 
DNA methods and propagated in E. coli strain DH5α. The plasmids pRS426-GPD, pRS406-GPD, 
pRS404-GPD, and pRS403-GPD were constructed by cloning the GPD promoter fragment from 
p416GPD (ATCC 87360) as a SacI-SpeI fragment into pRS426, pRS406, pRS404, and pRS403, 
respecitvely. pPC40 was constructed by amplifying and cloning the coding sequence of 
EKARcyto106 (from the start codon to the C-terminus of mVenus) into pRS426-GPD via SpeI-
XhoI (sites introduced into primers). pPC41, pPC48, pPC49, and pPC50 were constructed by 
cloning the coding sequence of EKAR2.3-pC (gift from Jin Zhang lab) as a BamHI-EcoRI 
fragment into pRS426-GPD, pRS406-GPD, pRS404-GPD, and pRS403-GPD, respectively. 
Reporter docking site (pPC42, pPC44, pPC45, and pPC46) and phosphosite (pPC47) variants of 
pPC41 were constructed using standard site-directed mutagenesis techniques (QuikChange kit, 
Agilent) and verified by nucleotide sequencing analysis. The BamHI-EcoRI fragments of pPC44, 
pPC46, and pPC47 were cloned into pRS406-GPD to make pPC62, pPC63, and pPC64, 
respectively. To make nuclear targeted reporters, the EKAR2.3 construct was amplified from 
pPC48 using a forward primer encoding nucleotides for SpeI, the NLS sequence (PKKKRKV), 
and a 5 a.a. linker (DDKDP) and a reverse primer encoding EcoRI. The resulting product was 
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cloned into pRS406-GPD and pRS406-ADH1 as a SpeI-EcoRI fragment to make pPC57 and 
pPC60, respectively. To make plasma membrane targeted versions of EKAR2.3, the EKAR2.3 
construct was amplified from pPC48 using a forward primer encoding BamHI and a reverse 
primer encoding nucleotides for the 12 C-terminal residues of Ras236 (including the stop codon) 
folowed by HindII. The resulting product was cloned into pRS406-GPD as a BamHI-HindII 
fragment to create pPC58. To make the cytoplasmic targeted EKAR construct, the EKAR2.3 
construct was amplified from pPC48 using a forward primer encoding BamHI and a reverse 
primer encoding nucleotides for the nuclear export signal in Xenopus MAPKK127 
(LQKKLEELELDE) and the stop codon, folowed by HindII. The resulting product was cloned 
into pRS406-GPD as a BamHI-HindII fragment to create pPC66. To make the PFUS1-mCherry 
reporter plasmid, the promoter of Fus1 (500-bp region upstream of the start codon) was amplified 
from genomic DNA (W303 strain) and inserted into pRS403 via SacI-SpeI (sites introduced into 
primers). The mCherry fragment from pMS107 (gift from Maya Schuldiner lab) was cloned into 
the resulting plasmid via SpeI-XhoI to create pPC61. 
 
Live-cel microscopy and image analysis 
Al strains were grown overnight in Synthetic Complete medium with 2% dextrose 
(SCD) or SCD-URA (for episomaly expressed constructs), diluted the next day, and grown to mid-
log phase (OD ~ 0.8) just prior to imaging. For timelapses requiring less than 3 hours of imaging, 
experiments were performed in a multi-wel dish format (8wel, Thermo Nunc). Dishes were 
coated with 0.1 mg/ml concanavalin A (Sigma) prior to seeding cels. For timelapses longer than 
3 hours or for applying spatial gradients of pheromone, experiments were performed using our 
microfluidic device (see Supplementary Info for description of device and operation). For 
experiments involving alpha-factor stimulation, al media was supplemented with 20 ug/ml casein 
(Sigma) to prevent absorption of alpha-factor to vessel wals18. Imaging was performed with a 
Zeiss Axiovert 200M epifluorescence microscope equipped with an automated stage using either 
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a 40x/1.3NA, 63x/1.4NA, or 100x/1.4NA plan-apo oil immersion objective, where noted. Images 
were acquired with a 16-bit Cascade 512 camera. Excitation was provided by an Excite Exacte 
light source (Excelitas Technologies) at 15% power for 40x and 63x magnification and 10% 
power for 100x magnification. Donor, FRET, acceptor, and mCherry channel images were 
acquired sequentialy with the folowing excitation, dichroic mirror, and emission filters 
(Chroma): donor: ET430/24x, 69008bs, ET470/24m; FRET: ET430/24x, 69008bs, ET535/30m; 
acceptor: ET500/20x, 69008bs, ET535/30m; mCherry: . Exposure times were 60ms for the donor 
and FRET channels, 20ms for the acceptor channel, and 200ms for the mCherry channel. Images 
were captured using Slidebook 5.5 (Inteligent Imaging Innovations) and subsequently processed 
and analyzed using Matlab. For EKAR expressing cels, emission ratios were measured by 
subtracting the average background fluorescence from the emission intensities of each cel area. 
For experiments evaluating construct expression level, docking domain effects, and signal 
reversibility, the average emission ratio for cels in a field of view was calculated for each time 
point. Cels in each field were segmented by applying an adaptive threshold on the YFP channel 
image and then aligning fluorescence intensities to these masked cel regions. For al other 
experiments, average emission ratios and mCherry fluorescence for individual cels were tracked 
in time by adapting an image processing routine103 that segments and tracks cels using the phase-
contrast channel. Cels that were out of focus or segmented incorrectly were omited from 
analysis. Normalized emission ratios were calculated by dividing the ratio at each time point by 
the emission ratio just prior to stimulation. Ratiometric images and line scans of cels were 
generated from emission images with background fluorescence subtracted on a per-pixel basis. 
 
Immunoblot analysis 
Cel extracts were resolved by 10% SDS-polyacrylamide gel electrophoresis and 
immunobloting was performed as described previously128. Primary antibodies used were anti-
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phospho-p44/p42 MAPK (Cel Signaling, cat 4370) and anti-PGK1 (Abcam, cat 113687). Band 



























Table 3.1. Strains used in this study. 
Name Genotype Source 
BMA64-
1A 
MATa ura3-1 trp1Δ leu2-3,112 his3-11,15 ade2-1 can1-100 Euroscarf 
PC72 
MATa ura3-1 trp1Δ leu2-3,112 his3-11,15 ade2-1 can1-100 ade2:ADE2 
bar1Δ:natMX4 
this study 
PC126 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3 this study 
PC128 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) this study 
PC158 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) trp1:PGPD-EKAR2.3-TRP1 this study 
PC163 
MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) trp1:PGPD-EKAR2.3-TRP1 
his3:PGPD-EKAR2.3-HIS3 
this study 
PC167 MATa bar1Δ ura3:PGPD-EKAR2.3(HIFAFEFP)-URA3(2x) this study 
PC195 MATa bar1Δ ura3:PGPD-EKAR2.3(AAAA)-URA3(2x) this study 
PC162 MATa bar1Δ ura3:PGPD-EKAR2.3(PRAP)-URA3(2x) this study 
PC154 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) ste7Δ:kanMX6 this study 
PC155 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) fus3Δ:kanMX6  this study 
PC156 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) kss1Δ:kanMX6 this study 
PC196 MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) fus3Δ:kanMX6 kss1Δ:hphMX4 this study 
PC199 
MATa bar1Δ ura3:PGPD-EKAR2.3-URA3(2x) fus3Δ:kanMX6 kss1Δ:hphMX4 
his3:PFUS3-Fus3-as2-HIS3 
this study 
PC149 MATa bar1Δ ura3:PGPD-NLS-EKAR2.3-URA3 this study 
PC164 MATa bar1Δ ura3:PADH1-NLS-EKAR2.3-URA3 this study 
PC152 MATa bar1Δ ura3:PGPD-EKAR2.3-CCaaX-URA3(2x) this study 
PC202 MATa bar1Δ ura3:PGPD-EKAR2.3-NES-URA3(2x) this study 













Table 3.2. Plasmids used in this study. 
Name Description Source 
pPC40 pRS426 PGPD-EKAR this study 
pPC41 pRS426 PGPD-EKAR2.3 this study 
pPC42 pRS426 PGPD-EKAR2.3-FEFP this study 
pPC44 pRS426 PGPD-EKAR2.3-HIFAFEFP this study 
pPC45 
pRS426 PGPD-EKAR2.3-
HIFAFEFPLS this study 
pPC46 pRS426 PGPD-EKAR2.3-AAAA this study 
pPC47 pRS426 PGPD-EKAR2.3-PRAP this study 
pPC48 pRS406 PGPD-EKAR2.3 this study 
pPC49 pRS404 PGPD-EKAR2.3 this study 
pPC50 pRS403 PGPD-EKAR2.3 this study 
pPC57 pRS406 PGPD-NLS-EKAR2.3 this study 
pPC58 pRS406 PGPD-EKAR2.3-CCaaX this study 
pPC59 pRS406 PADH1-NLS-EKAR2.3 this study 
pPC61 pRS403 PFUS1-mChery this study 
pPC62 pRS406 PGPD-EKAR2.3-HIFAFEFP this study 
pPC63 pRS406 PGPD-EKAR2.3-AAAA this study 
pPC64 pRS406 PGPD-EKAR2.3-PRAP this study 
pES1002 pRS406 Fus3-as2 18 
pPC65 pRS403 PFUS3-Fus3-as2 this study 














IV. Systematic analysis of mating and chemotropic behavior in yeast 
 
Introduction 
For mating of two haploid yeast cels to work optimaly, a variety of processes are caried 
out within the cel. These processes include pheromone production, MAPK signaling, gene 
induction, cel-cycle arrest, polarity establishment, vesicle trafficking, and cel wal/membrane 
reorganization. While most genes play specific roles in these processes, some genes have multiple 
distinct functions functions. One example is Far, which serves as a cel-cycle arrest promoter and 
an adaptor protein that localizes Cdc42-mediated polarity at the membrane2. While mating 
requires many genes that are involved in pheromone production, MAPK signaling, and gene 
induction, genes involved in polarized growth and gradient sensing are also important. In the 
context of mating, genes supporting polarized growth processes have been characterized less 
rigorously than genes that support early signaling processes. The dificulty in examining the 
mating-specific functions of these genes is partly due to the fact that many polarity genes are also 
important for cel division and viability129. Additionaly, the mating defects exhibited by polarity 
gene mutants may also be partial and difficult to distinguish, possibly due to some polarity genes 
sharing similar or overlapping functions. 
Chemotropism is a unique developmental behavior that alows non-motile cels to 
explore their local environment. Mechanisms supporting chemotropism in yeast have implicated 
several upstream signaling components, including the receptor, heterotrimeric G proteins, and 
two immediate Gβ effectors, Far1 and Cdc24. In particular, activated receptors and heterotrimeric 
G proteins are thought to be early landmarks for linking polarity factors to sites of highest 
pheromone binding at the cel surface. Accordingly, the receptor and G proteins can be observed 
to polarize their localization at the plasma membrane before projection growth ensues49. 
Recently, studies have focused on how the link between Cdc42-driven polarity machinery and 
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activated receptors is established and utilized by cels tracking gradients of pheromone71,72. While 
mostly studied in the context of cel budding, vesicle traficking may also play an important role 
in polarity establishment, maintenance, and signaling during pheromone exposure. Proteins 
regulating vesicle trafficking may thus help fine-tune projection growth toward mating partners, 
so that mating can occur optimaly. In this study, we seek to systematicaly explore mating 
efficiency at the genome level with the goal of identifying new genes important for mating, and 
particularly chemotropic growth. In particular, we focused on specific groups of genes with 
endocytic and exocytic functions. 
 
Results 
Design and execution of genome-wide mating eficiency screen 
In order to potentialy uncover new genes important in the regulation of the mating 
pathway, we devised an imaging-based approach to systematicaly evaluate mating efficiency for 
individual gene mutants. The working principle of our method involves mating a mutant and 
wild-type yeast strain, each constitutively expressing a diferent fluorescent protein, similar in 
concept to previous assays examining yeast cel fusion130 (Figure 4.1a). Imaging-based detection 
of haploids (non-mated cels) and fused zygotes (mated cels) can be used to quantify the mutant 
strain’s overal mating efficiency. In order to apply this method in a high-throughput format, we 
devised an SGA-based screen of the yeast knockout and DAmP libraries that automated haploid 
cel mixing, mating, and imaging. 
An SGA reporter library was created, based on previous methods131132, in colaboration 
with the Schuldiner Lab at the Weizmann Institute, to produce a MATa mutant strains containing 
a cytosolic mCherry reporter. To assess mating eficiency, the MATa mCherry library strains 
were mixed with a wild-type GFP-expressing MATα strain on agar for 3 hrs, after which mating 
mixtures were colected, fixed and imaged (Figure 4.1b). After segmenting the RFP and GFP 
channel images, the number of mated and non-mated cels were counted, and a mating fraction 
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metric was used to assess the overal mating eficiency for each strain in the screen. Overal the 
mating efficiencies of 5,289 mutants (4,507 knockouts and 782 DAmP mutants of essential 
genes) were directly evaluated in the screen (out of ~5,800 total open reading frames in the yeast 
genome) (Figure 4.1c). An additional 669 mutants were missing from the screen, and 
approximately half of these were absent from our SGA mCherry library. These missing mutants 
included strains deleted for genes that were either vital for mating (most of the Ste genes) or vital 
for cel growth. The inability to mate or proliferate efficiently would have caused the strain to not 
pass through the stages of the SGA mCherry library creation. Thus, we concluded these genes to 
include those that could be highly important for mating. 
Due to systematic time differences in assaying strains in 384-wel format, there was some 
variability observed in the mean mating efficiency per plate. This variability was accounted for 
by normalizing al mating fractions to the average of each plate. Also, due to strain-to-strain 
diferences in the number of cels assayed in the mating mixture, we looked to see if this affected 
mating efficiency. Importantly, the mating efficiency did not depend on the number of haploid 
cels in the mating mixture (Figure 4.1d), indicating that cels were at a density below the level 















Figure 4.1. Design and execution of genome-wide mating eficiency screen. A) Schematic showing 
the working principle of the fluorescence-based mating screen. B) Example image of a MATa mutant, 
MATalpha wildtype, and MATa/alpha zygote cels in red, green, and yelow, respectively 
(pseudocolored). C) Heatmap of al genes in the knockout and DAmP libraries with their normalized 
mating eficiency indicated by color (red: high, blue: low). D) Scater plot showing that mating 































































Screen validation and candidate selection 
To validate the reliability of the screen, we assessed the ranks of known positive and 
negative mating regulator genes (Figure 4.2a). Mutants of positive regulators, or genes known to 
be important for mating, showed severe mating defects (predominantly in the lowest 10% of 
mating efficiency) and included genes such as Ste20, Ste50, Fus3, and Cdc42. Mutants of 
negative regulators, or genes known to be antagonistic to the mating pathway, showed highly 
proficient mating (predominantly in the highest 5% of mating efficiency) and included genes such 
as Hog1, Pbs2, and Msg5. Ful lists of known regulators identified from the ful screen are 
included in the Appendix Additionaly, we manualy validated groups of positive and negative 
regulators by performing quantitative mating assays on a panel of mutants (Figure 4.2b). We 
found the results of these assays to be in qualitative agreement with the screen results. 
To identify potentialy new genes that are important in the regulation of mating, we 
selected the most mating-defective and the most mating-proficient ORFs from the first screen and 
then conducted repeat screens with these strains, this time using a wild-type strain as a mating 
control. Genes in these groups with functions that were clearly not specific to mating, including 
mitochondrial and nonspecific transcription, translation, and metabolic genes, were omited from 
further analysis. Figure 4.3 depicts genes that were found to be consistently more mating-
defective than wild-type cels, organized by primary gene function. Genes were further 
categorized as having known involvement in mating, less defined involvement in mating, or 
having no characterization altogether (ie. genes without names). Notably, a large proportion of 
the less defined genes were found to have functions relating to cel polarity and vesicle 
trafficking. Genes important for chemotropism, or particularly involved in polarized cel growth 
and orientation ability, would likely fal into these functional categories. 
As a first measure of assessing the chemotropic ability of the mating defective hits, we 
first performed a screen-based pheromone confusion assay. The confusion assay involves 
comparing the mating eficiency of MATa and MATalpha haploid cels both with and without 
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exogenous alpha-factor added to the mating mixture (Figure 4.2c). The mating efficiency of wild-
type cels is significantly reduced when exogenous alpha-factor is present, because the MATa 
cels can no longer detect the pheromone gradient coming from their MATalpha partner. 
However, mutant MATa cels that have a defect in chemotropism wil not show a reduction in 
mating efficiency with alpha-factor present, because these cels are already unable to orient their 
mating projections67. Thus, we used the ratio of mating efficiencies with and without pheromone 
to assess the chemotropic ability of the hits. When exposed to pheromone, we found a significant 
proportion of the mating defective hits (roughly 40 out of 150) to exhibit a mating decrease that 
was less severe than the wild-type decrease in mating. We identified this group as chemotropic 
candidates. As many of these mutants already exhibit a severe mating defect (many include 
genes known to be vital for mating), we found that the addition of pheromone might enhance 
their mating, masking separate and less pronounced chemotropic defects. Consistent with this 
reasoning, roughly 30% of the chemotropic candidates resulted in a higher mating efficiency with 
pheromone than without, indicating that these strains confer a signaling defect which can be 

















Figure 4.2. Candidate selection and validation of mutants from mating screen. A) Normalized mating 
fractions of mutants sorted from lowest to highest fraction. Mutants showing the most defective 
(lowest) and most proficient (highest) mating eficiencies were selected as genes of interest (regions 
highlighted in red). Mating fractions, as calculated by the equation on the right, were normalized by 
the average mating eficiency for each plate. B) Quantitative mating assays were performed for groups 
of positive and negative regulators (both known and less defined genes) to validate results of the 
screen. C) Schematic of high-throughput pheromone confusion screen. A wildtype cel response is 
























































































Figure 4.3. Mating-defective genes identified from screen and grouped by function. Genes are color 
coded based on whether they have previously known or less defined roles in mating. Genes involved 



























STE6 STE2 MSN5 BNI1 CHC1 SEC3 AGA2 HRR25* YGR237C
STE22/AXL1 STE4 FAR1 RHO1 PEP12 SEC10* FUS1 CMD1* YPR114W
STE24 STE5 DUN1 ACT1 APL2 SEC15* GPI1* YPD1* YOR220W
STE13 STE7 SIT4 SCP160 BRO1 TRS31* GAB1* YKE2 YKL027W
MFA1 STE11 MEC1 CDC42 VPS15 COP1* PER1 TCO89 YKL023W
BAR1 STE18 DAD1* RCE1 VPS27 SSS1* GUP1 MUB1 YPL071C
STE14(-) STE12 CAK1* CDC24 VPS4 SEC9* YPS7 KEX1 YKL121W
STE16(-) STE8/SIR3 CKS1* SPA2 VPS24 SEC8* PUN1 ENV9 YNL046W
STE9/SIR4 SPC105* BUD4 VPS36 SEC2* LAS21 SPT23 YKR005C
STE20 AME1* CDC10 DID4 KEX2 TSC10* VPS38 YOR355W
STE50 CDC20* BUD25 SNF8 CHS5 GPI11 CDC1* YDL089W
FUS3 APC2* MOB2* APL4 YPT6 YLR413W
SST2 WHI4 ARC40* YPP1* YPT1* YLR415C
STE3 CYK3 ARC19* APS1 SPC3* YML002W
GPA1 KIN4 COF1* PEP8 YHL042W
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Role of ESCRT function in pheromone signaling and chemotropism 
Analysis of our mating screen results revealed a large number of genes involved in cel 
polarity and vesicle trafficking to be important for mating. In particular, we found several 
knockout mutants comprising the ESCRT (Endosomal sorting complexes required for transport) 
machinery to consistently rank high among our hits for mating defectiveness and confusion ratio. 
These genes include Vps27, Vps36, Vps24, Vps4, Did4, and Snf8, representing components of 
each of the ESCRT complexes (I, I, and II). ESCRT complexes have been shown to be required 
for the sorting of ubiquitinated receptors and biosynthetic cargoes into internal vesicles of the late 
endosome (also known as multivesicular bodies – MVBs)133. In yeast, impairment of ESCRT 
function has been shown to result in the accumulation of various membrane proteins at 
exacerbated late endosomal compartments (class E compartments), blocking their normal 
degradation in the vacuole134. It has additionaly been shown that receptors, including EGFR135 
(in mammalian cels) and Ste3 pheromone receptors48 (in MATalpha yeast cels), also accumulate 
at the plasma membrane, but the molecular basis for this phenotype is stil being explored. 
Interestingly, it has been proposed that ESCRT impairment leads to enhanced recycling of 
receptors from early endosomes rather than a block in their initial internalization from the 
membrane or enhanced recycling from late endosomes136. 
In order to further dissect the cause of the mating defect we observed in the ESCRT 
mutants, we performed a variety of assays to characterize the signaling and morphological 
behavior of these cels in response to pheromone. We first created individual knockout strains of 
Vps27, Vps36, Vps24, and Vps4 and conducted traditional quantitative mating assays (colony-
based) to confirm results from the mating screen. Figure 4.4a shows a significant reduction in 
mating efficiency (more than 2-fold) for each of the ESCRT mutants compared to wild-type, 
consistent with their positive regulator grouping in our screen. We next evaluated the pheromone-
induced morphological development of the mutants in a bar1Δ background. Dose response 
experiments reveal the onset of polarized growth to be delayed in the ESCRT mutants (Figure 
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4.5). Relative to wild-type, vps27Δ and vps4Δ cels required higher doses of pheromone to 
achieve elongated and shmooing cel states. Additionaly, these mutants appeared to be defective 
in the ability to form pointed projections as is the case when wild-type cels are exposed to 
saturating doses of pheromone. 
To assess the gradient sensing ability ESCRT deficient cels, we co-stimulated wild-type 
and vps27Δ cels to gradients of pheromone in our microfluidic device (Figure 4.6). Interestingly, 
while vps27Δ cels were defective in forming multiple projections at high pheromone doses, 
single-projection cels were able to align their mating projections with similar accuracy as wild-
type cels at both high and low concentration ranges (moderate increases in projection angles in 
Figure 4.6c were not statisticaly significant). Thus, ESCRT function does not appear to be 






















Figure 4.4. ESCRT pathway mutants are partialy defective in mating but retain signaling. A) 
Quantitative mating assay of ESCRT mutants show mating defect relative to wild-type. B) Halo 
assays of ESCRT mutants with far1Δ and hog1Δ as negative and positive controls for cel-cycle 



















































Figure 4.5. Pheromone-induced morphogenesis is altered in ESCRT-deficient mutants. Polarized 
growth of vps27Δ and vps4Δ mutants each show a reduced sensitivity to pheromone concentration. A) 
Indicated strains were treated with pheromone in liquid culture and scored as vegetative (budding), 
elongated (cel aspect ratio > 1.6), or shmooing (projections are pointed) after 3.5 hrs for each of the 




























































Figure 4.6. Gradient sensing is preserved in ESCRT-deficient mutants. Wild-type and vps27Δ cels 
were co-stimulated in a 0-60nM pheromone gradient and chemotropic behavior was assessed. A) 
Fraction of cels exhibiting multiple projection growth, single projection growth, or no projection 
growth (arested or budding cels) in both the high (50-25nM) and low (0-25nM) concentration ranges 
of the pheromone gradient. B) Percent of single-projection cels that aligned their growth with the 
direction of the gradient (angles < 90deg from gradient normal). C) Average projection angles for wt 
and vps27Δ cels in the high and low concentration ranges. D) Representative image of cel chamber 
containing wt and vps27Δ cels exposed to a pheromone gradient. E) Polar plots (top) and histograms 
(botom) of raw projection angles measured for both wt and vps27Δ cels exposed to the same 


































































































To determine if the ESCRT deficient mating defect could be atributed to a reduction in 
signaling through the mating MAPK pathway, we performed separate tests for cel-cycle arest, 
Fus3 phosphorylation, and pheromone-responsive promoter activity. The ability of the mutants to 
arrest their cel cycle and activate Fus3 was not compromised, with levels comparable to wildtype 
(Figure 4.4b). Additionaly, pheromone-induced phosphorylation of Fus3 in a vps27Δ strain 
appeared to be comparable to Fus3 phosphorylation in wild-type cels (Figure 4.4c). However, 
when ESCRT mutants expressing a Fus1pr-GFP reporter were treated with pheromone for 90min, 
al of the mutants showed significant reductions in expression levels (between 40-60% of wt) 
(Figure 4.7). This seems to indicate that loss of ESCRT function leads to an overal reduction in 
MAPK-mediated signaling that may lead to impairment of downstream processes over time. To 
determine if altered receptor activity could be a cause for this defect, we assessed the membrane-
localized abundance of Ste2-GFP in wild-type and vps27 cels (Figure 4.8). We found a 
significant increase of membrane-localized receptor in vps27 cels relative to wild-type. These 
results indicate that altered Ste2 trafficking and increased recycling of internalized Ste2 receptors 


















Figure 4.7. Analysis of mating gene expression in ESCRT-deficient mutants. A) Single-cel 
quantification of Fus1 gene expression in wt, vps27Δ and vps4Δ cels containing an integrated 
FUS1pr-GFP reporter. Fluorescence was quantified after 3hrs of 10uM pheromone treatment. B) 
FUS1pr-GFP was expressed from a low-copy plasmid in wt, vps27Δ, and vps4Δ cels. Fluorescence 
was measured over time after 10uM alpha-factor treatment. C) FUS1pr-GFP expressed from low-copy 
plasmids in ESCRT mutants. Average fluorescence was recorded before and after 3hrs of 10uM 

































































































Figure 4.8. Receptor localization increased at plasma membrane in vps27 mutant. A) Fluorescence 
images of Ste2-GFP in wild-type and vps27 cels. B) Single-cel quantification of membrane-localized 





















































Evaluation of Sec3 as a chemotropic mediator 
In addition to endocytosis proteins, analysis of our mating screen also identified many 
proteins having exocytic functions. Moreover, many of these exocytic mutants also happened to 
be DAmP mutants (gene is essential) and were found to have not passed the SGA mating stage, 
thus indicating a potentialy severe mating defect. It was recently found that trafficking of 
polarity and mating gene mRNA to the shmoo tip, via the RNA-binding protein Scp160, is 
important for polarity factor protein enrichment and directional sensing of pheromone 
gradients137. These results implicate specific proteins, working in concert with vesicle trafficking 
machinery, to be important for chemotropic growth. The exocyst complex is an important group 
of proteins that coordinate the targeting and fusion of secretory vesicles to defined sites at the 
plasma membrane65. One important component of this complex, Sec3, is normaly localized at the 
membrane and serves as a landmark protein for secretory vesicle fusion138. Interestingly, Sec3’s 
polarized localization at the membrane is independent of actin-mediated transport. Additionaly, 
Sec3 has been shown to specificaly interact with Cdc42 and PIP2, which also become polarized 
to projection growth sites during pheromone exposure. Because of its appearance as a positive 
regulator in our screen, we were interested in determining if Sec3 plays a role in chemotropic 
growth. 
In contrast to most other exocyst components, deletion of the Sec3 gene maintains cel 
viability, albeit a slower growth rate. Sec10 is another exocyst component, which is essential for 
cel viability and happens to undergo increased phosphorylation during pheromone exposure31. 
As a first assessment of morphological plasticity, we performed pheromone dose response 
experiments comparing the ability of sec3Δ and sec10tet cels to polarize their growth, relative to 
wild-type (Figure 4.9). Notably, for sec3Δ cels we found the onset of polarized growth to require 
higher pheromone doses relative to wild-type cels, similar to the behavior exhibited by endocytic 
ESCRT mutant cels. Very few sec10tet cels showed polarized growth behavior, even at 
saturating pheromone doses, indicating a much more severe defect in polarized growth ability. 
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To assess the gradient sensing ability the sec3Δ cels, we co-stimulated wild-type and 
sec3Δ cels to gradients of pheromone in our microfluidic device (Figure 4.10). Interestingly, 
sec3Δ cels were found to be defective in their ability to form multiple projections and also 
exhibited an impaired ability to orient their projections with the pheromone gradient. This defect 
was more pronounced at lower concentrations, where cels are more inclined to accurately track a 
gradient. The average projection angle with respect to the pheromone gradient was 64.6 ± 8° for 
wild-type cels and 76.9 ± 7° for sec3Δ cels (n>200 cels for each strain). Additionaly, we found 
the projection growth rate of single-projection sec3Δ cels to be slower than single-projection 
wild-type cels in a pheromone gradient (Figure 4.11). These results indicate that Sec3 is 
important for accurate pheromone gradient sensing and may serve as a landmark for targeting 






















Figure 4.9. Pheromone-induced morphogenesis is altered in exocytic mutants. A) Indicated strains 
were treated with pheromone in liquid culture and scored as vegetative (budding), elongated (cel 
aspect ratio > 1.6), or shmooing (projections are pointed) after 3.5 hrs for each of the assayed 




























































Figure 4.10. Gradient sensing is impaired in sec3Δ mutant. Wild-type and sec3Δ cels were co-
stimulated in a 0-60nM pheromone gradient and chemotropic behavior was assessed after 7hrs. A) 
Fraction of cels exhibiting multiple projection growth, single projection growth, or no projection 
growth (arested or budding cels) in both the high (50-25nM) and low (0-25nM) concentration ranges 
of the pheromone gradient. B) Percent of single-projection cels that aligned their growth with the 
direction of the gradient (angles < 90deg from gradient normal). C) Average projection angles for wt 
and sec3Δ cels in the high and low concentration ranges. D) Representative image of a cel chamber 
containing wt and sec3Δ cels exposed to a pheromone gradient. E) Polar plots (top) and histograms 
(botom) of raw projection angles measured for both wt and sec3Δ cels exposed to the same 









































































































Figure 4.11. Projection growth-rate reduced in sec3Δ mutant. A) Representative image of wild-type 
and sec3Δ cels co-stimulated in a 0-60nM pheromone gradient. B) Cel length of single-projecting 
cels was measured over time during pheromone gradient exposure. Cel length was measured from 
the projection tip to the back of the cel for each time interval. C) Average single-projection cel 



























































Figure 4.12. Schematic diagram of Sec3-mediated vesicle targeting during pheromone signaling. Sec3 
may serve as a landmark for secretory vesicle targeting and fusion at sites on the plasma membrane 






















In summary, our genome-wide analysis of mating efficiency revealed a large number of 
mating deficient gene mutants with functions involving cel polarity and protein traficking. To 
our knowledge this was the first atempt to systematicaly evaluate mating proficiency at a 
genome-level scale. In addition to identifying genes with known and lesser known roles in 
mating, several deletion mutants of uncharacterized putative proteins were also found to have a 
mating defect based on our screen. In this study we focused on two groups of vesicle trafficking 
gene hits, the ESCRT proteins and exocyst components, as regulators of endocytic and exocytic 
transport pathways, respectively. 
While recycling pathways have been identified for several yeast proteins and internalized 
dyes in both wildtype and ESCRT-deficient cels136,139, there is not much known about the 
mechanisms of Ste2 recycling or its potential impact on mating. Our initial findings indicate that 
ESCRT function and thus, an intact endocytosis pathway, is important for ful mating 
competency. While ESCRT function did not appear important for gradient sensing precision, it 
did appear to be important for ful morphogenic development as ESCRT mutants underwent less 
pronounced cel shape changes upon pheromone treatment. The concomitant reduction in mating 
gene expression in these mutants indicates that an alteration of upstream receptor traficking may 
underlie these polarity and signaling defects. This may also support our finding that receptor 
localization at the plasma membrane was enhanced in the vps27Δ mutant. Ultimately, the aberant 
recycling of potentialy ubiquitinated or desensitized receptors back to the plasma membrane may 
cause this pool of receptors to either disrupt or compete with signaling-competent receptors at the 
cel surface. 
In contrast to the endocytic ESCRT mutants, we found pheromone gradient sensing and 
projection growth rate to both be impaired in a sec3Δ mutant, in which secretory vesicle targeting 
is presumed to be defective. Sec3 has previously been characterized as a landmark protein that is 
important for leading secretory vesicles and their cargo to specific sites at the plasma 
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membrane138. It binds to both Cdc42 and PIP2 and does not appear to require actin-based 
secretion to atain its polarized membrane distribution during cel budding140,141. Cdc42 and PIP2 
also become polarized at incipient projection sites during pheromone gradient exposure (Figure 
4.12). These finding indicate that connections made by Sec3 to both the Cdc42 polarity patch and 
secretory vesicles may ultimately help in targeting vesicles and important cargo proteins to sites 
at the membrane where receptors and heterotrimeric G proteins are activated. 
 
Materials and Methods 
To obtain images of the mating mixture cels (SGA mCherry mutants cels and wild-type 
GFP cels), mating reactions were fixed in paraformaldehyde, transfered to glass botom dishes, 
and imaged on an automated epifluorescence microscope. Brightfield and fluorescence images 
(GFP and mCherry) were captured for a minimum of 4 fields of view per mutant, resulting in 
more than 40,000 fluorescence images for the first ful genomic screen. Images were 
subsequently fed through a custom MATLAB pipeline to perform thresholding, filtering, and 
counting of the haploid and diploid cel types. To adjust for cases where the mutant and wild-type 
cels difered in their abundance, the mating fraction was computed to take the minimum (or 
limiting) number of haploid cel types as the total number of potential mating candidates. To 
obtain the normalized mating fraction, resulting mating fractions for each mutant were divided by 









V. General Conclusions 
Over the past several decades, the yeast mating pathway has served as a model 
extracelular signaling system, from which many aspects of MAPK and G protein signaling have 
been elucidated. Despite its genetic simplicity compared to higher eukaryotes, the celular 
response to pheromone is a highly sophisticated response relying on layers of complex molecular 
machinery to coordinate diverse and dynamic celular processes. In some ways, the chemotropic 
response is similar to chemotactic responses in other organisms by its dependence on spatial 
paterns of G protein activity for driving actin-mediated cel polarization. The initiation and 
maintenance of polarized growth in the presence of pheromone gradients, however, is a 
phenomenon that is unique to yeast and is stil largely not understood. Our lack of understanding 
of these processes has in part been due to limitations in the experimental techniques available to 
study yeast at the single-cel level. Recent advances in microfluidic technology have enabled 
aspects of single-cel behavior, such as cel growth dynamics and protein localization, to be 
observed over long durations of time and at high spatial resolution. Additionaly, the rapid 
development of new geneticaly-encoded biosensors in mammalian systems has opened new 
possibilities for studying analogous processes in simpler eukaryotes. While the advancement and 
application of genetic techniques have led to the identification and characterization of many 
important signaling components, many proteins involved in cel polarity remain poorly 
characterized in the context of mating diferentiation. In this thesis, we took an integrative 
approach to explore outstanding questions relating to the scaffold-PM interaction, MAPK 
dynamics and variability, and chemotropic growth regulation. 
In the first aim, we examined the role of membrane binding by the MAPK scafold 
protein, Ste5, in mediating the chemotropic behavior of cels exposed to gradients of pheromone. 
We developed improved microfluidic devices for stable gradient generation and fluorescently-
tagged mutant reporter strains to assess projection orientation and Ste5 localization dynamics, 
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respectively. Our findings indicate that modulation of scafold binding to the membrane does not 
alter directional sensing, but rather sets a chemotropic sensitivity range by modulating the dose 
response of downstream pathway activity. In the second aim, we explored how the spatial and 
temporal paterns of Fus3/Kss1 activity contribute to developmental outcomes in cels, such as 
the decision to bud, mate, and undergo polarized morphogenesis in the presence of pheromone. 
We first applied the Erk Kinase Activity Reporter (EKAR) to specificaly report Fus3 and Kss1 
activity in live yeast cels. We demonstrate that overal mating MAPK activity exhibits rapid 
reversibility, a graded dose-dependence around the KD of the receptor, and a biphasic kinetic 
profile that closely resembles Fus3/Kss1 phosphorylation. Interestingly, we observed significant 
cel-to-cel variability in responses and found this variability to depend on both cel-cycle position 
and heritability, and also correlate with mating gene expression. Furthermore, long-term imaging 
in microfluidic devices revealed that gradients of MAPK activity emanate from mating projection 
tips and develop over time as projections grow. These results ilustrate new features of MAPK 
signaling dynamics in a unicelular diferentiation system. In the third aim, we systematicaly 
examined mating at the genome-level with the goal of identifying new or previously unidentified 
mediators of chemotropism in yeast. First, we devised and executed a fluorescence-based 
genome-wide screen of mating efficiency and identified new groups of characterized and 
uncharacterized gene mutants, which exhibit defects in mating. We then atempted to characterize 
the specific cause of the mating deficiency in two separate groups of protein trafficking mutants: 
the ESCRT proteins and a membrane-localized component of the exocyst complex, Sec3. Our 
results indicate previously unidentified roles for these proteins in supporting optimal mating 
pathway activation and chemotropic behavior. In summary, we hope these findings may motivate 
future studies to further examine the mechanisms and consequences of dynamic MAPK and 






Genes Absent from Screen 
ORF Gene MF 
YOR212W STE4 na 
YDR103W STE5 na 
YDL159W  STE7  na 
YLR362W STE11 na 
YNL271C BNI1 na 
YDL090C STE16/RAM1 na 
YDR227W STE9/SIR4 na 
YDR410C STE14 na 
YLR442C STE8 na 
YJR086W STE18 na 
YHR084W STE12 na 
YKL209C STE6 na 
 
Known Positive Regulator Genes 
ORF Gene MF 
YHL007C STE20 0 
YGL032C AGA2 0.061 
YPR122W STE22 0.072 
YCL032W STE50 0.078 
YIL015W BAR1 0.086 
YBL016W*  FUS3  0.089 
YLR229C CDC42 0.105 
YJR117W STE24 0.107 
YBR200W BEM1 0.177 
YJL157C FAR1 0.185 
YLR452C SST2 0.191 
YLR319C BUD6 0.204 
YDR461W MFA1 0.237 
YAL041W CDC24 0.256 
YOR219C STE13 0.261 
YCL027W FUS1 0.273 
YKL178C STE3 0.278 
YHR005C GPA1 0.283 
YHR061C GIC1 0.292 
YLL021W SPA2 0.304 
 
Known Negative Regulator Genes 
ORF Gene MF 
YLR113W HOG1 0.731 
YJL128C PBS2 0.685 
YNL053W  MSG5  0.725 
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